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Abstract
Silicon photonics (SiP) has become a cornerstone technology of the modern age by
leveraging the mature fabrication processes and infrastructure of the microelectron-
ics industry for the cost-effective and high-volume production of compact and power-
efficient photonic integrated circuits (PICs). The impact that silicon (Si)-based PICs
have had on data communications, particularly data center interconnection and optical
transceiver technologies, has encouraged SiP chip development and their use in other
applications such as artificial intelligence, biomedical sensing and engineering, displays
for augmented/virtual reality, free-space communications, light detection and ranging,
medical diagnostics, optical spectroscopy, and quantum computing and optics. To ex-
pand the functionality and improve the performance of SiP circuits for these surging
applications, subwavelength grating (SWG) metamaterials have been thoroughly inves-
tigated and implemented in various passive integrated photonic components fabricated
on the silicon-on-insulator (SOI) platform. SWG metamaterials are periodic structures
composed of two materials with different permittivities that exhibit unnatural properties
by using a period shorter than the guided wavelength of light propagating through them.
The ability to synthesize the constituent SiP materials without any need to alter standard
fabrication procedures enables precise, flexible control over the electromagnetic field and
sophisticated selectively over anisotropy, dispersion, polarization, and the mode effective
index in these metastructures. This provides significant benefits to SOI devices, such as
low loss mode conversion and propagation, greater coupling efficiencies and alignment
tolerances for fiber-chip interfaces, ultrabroadband operation in on-chip couplers, and
improved sensitivities and limits of detection in integrated photonic sensors. Parallel to
the rise of SiP technology is the development of other materials compatible with mature
PIC fabrication methods both in the foundry (e.g., silicon nitride (Si3N4)) and outside
the foundry (e.g., high-index oxide glasses such as aluminum oxide (Al2O3) and tellurium
oxide (TeO2)). Si3N4 offsets the pitfalls of Si as a passive waveguiding material, provid-
ing lower scattering and polarization-dependent losses, optical transparency throughout
the visible spectrum, increased tolerance to fabrication error, and better handling of
high-power optical signals. Meanwhile, Al2O3 and TeO2 both serve as excellent host
materials for rare-earth ions, and TeO2 possesses strong nonlinear optical properties.
Using a single-step post-fabrication thin film deposition process, these materials can
be monolithically integrated onto Si PICs at a wafer scale, enabling the realization of
complementary-metal-oxide-semiconductor (CMOS)-compatible, hybrid SiP devices for
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linear, nonlinear, and active functionalities in integrated optics. While SWG metama-
terials have widely impacted the design space and applicability of integrated photonic
devices in SOI, they have not yet made their mark in other material systems outside
of Si. Furthermore, demonstrations of their capabilities in active processes, including
optical amplification, are still missing.

In this thesis, we present a process for developing various SWG metamaterial-engi-
neered integrated photonic devices in different material systems both within and beyond
SOI. The demonstrations in this thesis emphasize the benefits of SWG metamaterials
in these devices and realize their potential for enhancing functionality in applications
such as sensing and optical amplification. The objective of the thesis is to highlight the
prospects of SWG metamaterial implementation in different media used in integrated op-
tics. This is accomplished by experimentally demonstrating SWG metamaterial waveg-
uides, ring resonators and other components composed of different hybrid core-cladding
material systems, including Si-TeO2 and Si3N4-Al2O3. Chapter 1 introduces the back-
ground and motivation for integrated optics and SWG metamaterials and provides an
overview and comparison of the different materials explored in this work. Chapter 2
presents an initial experimental demonstration of TeO2-coated SOI SWG metamaterial
waveguides and mode converters. It also details the design of fishbone-style SWG waveg-
uides aimed at lowering loss and enhancing mode overlap with the active TeO2 cladding
material in the hybrid SiP platform. Chapter 3 details an open-access Canadian foundry
process for rapid prototyping of Si3N4 PICs, emphasizing the Si3N4 material and waveg-
uide fabrication methods, as well as the design and characterization of various integrated
photonic components included in a process design kit. The platform is compared against
other Si3N4 foundries, and plans for further development are also discussed. Chapter
4 reports the first demonstration of SWG metamaterial waveguides and ring resonators
fabricated using a Si3N4 foundry platform. The measured devices have a propagation
loss of ∼1.5 dB/cm, an internal quality factor of 2.11 ·105, and a bulk sensitivity of ∼285
nm/RIU in the C-band, showcasing competitive metrics with conventional Si3N4 waveg-
uides and SWG ring resonators and sensors reported in SOI. Chapter 5 presents work
towards an SWG metamaterial-engineered waveguide amplifier. The fabricated device,
based in Si3N4 and functionalized by an atomic layer deposited, erbium-doped Al2O3

thin film cladding, exhibited a signal enhancement of ∼8.6 dB, highlighting its potential
for on-chip optical amplification. Methods to reduce the loss within the material system
are proposed to achieve net gain in future devices. Chapter 6 summarizes the thesis and
discusses pathways for optimizing the current devices as well as avenues for exploring
new and intriguing materials and devices for future applications in integrated photonics.
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Chapter 1

Introduction

1.1 Integrated optics

The revolution of photonic integrated circuits (PICs) began with the proposal of inte-
grated optics [1], which involves the miniaturization of complex optical systems onto a
single substrate. Many individual components needed for a fully integrated photonic
system were developed in the 1970s on various material platforms, including lithium
niobate (LiNbO3), germanium (Ge), and III-V semiconductors [2; 3]. In the mid-1980s,
silicon (Si) was proposed and demonstrated as a viable material for PICs, spawning
the field of silicon photonics (SiP) [4; 5]. The rise of fiber optical networks and the
internet in the 1990s provided a greater need for optical functionality to overcome the
limitations of electrical circuits, including huge transmission loss, expensive power con-
sumption, strong heat generation, low bandwidth capacity, and large susceptibility to
electromagnetic interference and crosstalk. This led to the development of integrated
photonics manufacturing infrastructure [6; 7; 8] and, more recently, to the implemen-
tation of optical interconnects within data centers [9], which continue to receive over-
whelming amounts of data traffic as we progress into the “Zettabyte Era” [10]. PICs are
also being developed for applications such as biomedical sensing [11], quantum optics
[12], spectroscopy [13], light detection and range (LiDAR) [14; 15], augmented reality
display technology [15], artificial intelligence [16], and free-space wireless communica-
tion networks [17]. More applications for integrated photonics devices are expected to
arise with technology evolving day by day, so research efforts continue to focus on im-
proving device performance, exploring new functionalities, and expanding the library of
integrated photonic components.

Optical circuits have many basic functionalities that are required to realize a fully in-
tegrated system on a chip. The basic optical data link circuit [18] includes waveguides for
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directing light, optical sources such as lasers, amplifiers for regenerating optical signals
deteriorated by loss, optical modulators and switches for on-chip signal modification,
and detectors for signal conversion between the optical and electrical domains. Other
components that may be required include combiners/splitters, filters, multiplexers, time
delay elements, etc.

The primary challenge with integrated optics is finding the proper material or com-
bination of materials that provide optimal performance of all the necessary functions
required for an optical circuit and can be fabricated at low cost and with high produc-
tion yield. Various materials have been used for integrated photonic applications. The
ecosystem of photonics has also been shifting towards a ‘fabless’ industry model [19].
This is where foundries first establish a standard, inexpensive, high-quality photonic ma-
terial platform with a library of verified, high-performance components, i.e., a process
design kit (PDK). The PDK and platform are then accessed by third party designers
from academia and industry, typically in the form of multi-project wafer (MPW) runs,
where multiple designs are manufactured onto a single, shared wafer and then diced
into individual chips for distribution to their respective clients [20]. The most appealing
photonic materials and devices are those compatible with complementary-metal-oxide-
semiconductor (CMOS) fabrication technology, which has formed the backbone of the
microelectronics industry. CMOS technology yields high-quality, inexpensive integrated
circuits with very high-volume output.

1.2 Si and SiN photonics

The silicon-on-insulator (SOI) platform has become the premium choice for PIC manu-
facturing primarily due to its compatibility with CMOS processing infrastructure. Fol-
lowing the first demonstration of SOI waveguides in the mid-1980s [4; 5], Si received
significant attention as a photonic material [21]. It was recognized as an excellent ma-
terial for fiber-optic communication applications thanks to its optical transparency in
both the second and third telecommunication windows (1.31 and 1.55 µm, respectively).
Furthermore, the high-index-contrast of SOI enables high integration density of multiple
optical pathways that can manage a high number of data channels per chip [8]. This
led to commercialization of various SiP products, including integrated gyroscopes, pres-
sure sensors, interferometers, optical transceivers, and wavelength division multiplexers
(WDMs) [8; 22]. Though Si excels at performing the various passive functions required
for a PIC, it struggles with performing active functionalities on its own. The centrosym-
metric crystal structure of Si causes the Pockels effect to vanish, making switching and
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modulation much more difficult compared to III-V semiconductors. Additionally, Si is
a poor light emitter due to its indirect bandgap and short non-radiative recombination
lifetimes [23; 24].

Silicon nitride (SiN) is another material that is receiving significant interest thanks
to its benefits as both a complementary and alternative material to Si. Table 1.1 sum-
marizes the pros and cons of Si and SiN. For starters, SiN, like Si, is CMOS compatible.
The index contrast of SiN is much lower than Si yet still relatively high when compared
to planar lightwave circuits (PLCs) based on silica glass (e.g., ∆nSi ≈ 2, ∆nSiN ≈ 0.5,
∆nPLC ≤ 0.1). This maintains large integration density and compact footprints in
SiN PICs while providing greater design flexibility, lower scattering losses and higher
tolerance to fabrication variance over high contrast SOI [25; 26]. SiN exhibits opti-
cal transparency throughout the visible (VIS) and near-infrared (NIR) spectra, making
it suitable for a wide range of applications, including sensing and biomedical imaging
[27]. For active functionality, SiN exhibits negligible two photon absorption (TPA) yet
maintains advantageous nonlinear optical properties, such as low third order nonlin-
ear susceptibility, that have been exploited in dispersion engineering, four-wave mixing
(FWM), and supercontinuum generation (SCG) [28; 29], helping drive applications such
as quantum and nonlinear optics. These attractive properties make SiN a valuable ma-
terial for PICs [30; 31]. However, like Si, SiN has challenges with active functionalities
such as switching, light generation and amplification, modulation, and detection. As a
result, intensive research is being conducted towards integration of Si and SiN with each
other and with other active photonic materials to realize the full functionality of the
sought-after optical superchip [21].

Table 1.1: Comparison of Si and SiN photonic materials.

Quality Si SiN
CMOS compatible? Yes Yes

Refractive index contrast (∆n) ∼ 2 ∼ 0.5
Integration density High Moderate

Scattering loss High Low
Birefringence High Low

Optical transparency NIR VIS & NIR
TPA High Low
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1.3 Subwavelength grating (SWG) metamaterials

1.3.1 Overview / state-of-the-art

SWG metamaterials are structures periodically arranged using two different dielectric
media. These metamaterials suppress diffraction effects of light by employing a period
smaller than the guided wavelength. Since 2006 [32], SWG metamaterials have been
implemented in SOI waveguides to achieve efficient light propagation [33]. They have also
been demonstrated in various components and devices [34; 35; 36; 37; 38; 39], leveraging
the macroscopic optical properties of the constituent materials and the unique, artificial
behaviour of the synthesized composite medium. This has generated enhanced device
performance and functionality across a broad array of applications in integrated optics.

Subwavelength structures were first explored by Heinrich Hertz in the late 19th cen-
tury [40]. Theoretical work on periodically layered media was established soon after
by Lord Rayleigh [41], who used an array of parallel dielectric cylinders to predict the
birefringence effect that arises from wave propagation through subwavelength struc-
tures. In the 1950s, a groundbreaking theoretical study was presented by Rytov [42],
who demonstrated that periodically stacked media on a subwavelength scale behave as
a homogeneous medium with an effective dielectric permittivity that is dependent not
only on the properties of the constituent materials but also on the structural geome-
try and the polarization of the incident wave. Antireflective subwavelength structures
were first discovered in the cornea of night-flying moths in the 1960s [43]. The ob-
served subwavelength array of microscopic pillars serves as camouflage from predators
by suppressing residual reflections from the insect’s eyes. This inspired the use of sub-
wavelength patterning in anti-reflective lenses in the following years [44]. Since then,
optical subwavelength structures have been used in many other applications, including
polarizers [45] and free-space optics [46; 47].

Subwavelength metamaterial structures gained significant interest in PICs when they
were first suggested and demonstrated by the National Research Council (NRC) Canada
for waveguiding in the SOI platform [32; 33]. These waveguides, called SWG meta-
material waveguides, have achieved widespread practical success in SOI as they lever-
age CMOS manufacturing technology without introducing further fabrication complex-
ity [36]. Like many components in SOI, SWG metamaterial waveguides can be fab-
ricated using a single full-etch step. Furthermore, the lithographic techniques em-
ployed by CMOS foundries currently allow feature sizes near or below 100 nm (∼60
nm for immersion deep-ultraviolet (DUV) lithography), which is small enough for Si
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subwavelength structures operating at telecommunication wavelengths. As a result,
SWG metamaterial engineering has been implemented in many Si-based components.
While many comprehensive review articles have highlighted these devices over the years
[36; 34; 35; 37; 38; 39], a few worth mentioning include anti-reflective facets [48], waveg-
uide crossings [49], multiplexers [50], fiber-chip edge couplers [48; 50; 51], surface grating
couplers [52; 53; 54; 55; 56; 57; 58; 59; 60; 61; 62], switches [63], filters [64; 65; 66], ring
resonators [67; 68; 69; 70], sensors [67; 68; 69; 70; 71; 72; 73; 74], modulators [74; 75],
directional couplers [66; 76; 77; 78], nanophotonic beam splitters [79; 80], and devices
with managed polarization, anisotropy, and dispersion [81; 82; 83; 84; 85; 86; 87; 88].
SWG-engineered devices are now available in PDKs offered by SiP foundries [89; 90]. Fi-
nally, SWG structures are also being explored for mid-infrared wavelength applications,
e.g. using suspended Si [91; 92; 93; 94] and Ge [95] platforms.

1.3.2 Fundamentals

SWG metamaterials are a specific category of photonic crystals [96; 97]. Fig. 1.1(a)
illustrates an SWG metamaterial waveguide in its most basic form in integrated optics.
The waveguide comprises a 1D array of pillars aligned periodically along the propagation
axis of the guided mode. Each pillar has a segment length l, width w, and thickness t,
is composed of a core material with refractive index n1, and is spaced evenly from its
adjacent neighbours by a grating period Λ. The waveguide is suspended within a cladding
material with refractive index n2 and sits atop a substrate material with refractive index
n3. The duty cycle δ of the grating structure is defined as the ratio of the segment
length to the period (δ = l/Λ). The optical properties of the periodic waveguide are
determined by the relationship between Λ, the operating free space wavelength λ, and the
waveguide mode effective index neff. We define three notable operating regions for the
periodic waveguide structure, which are individually depicted in the dispersion diagram
in Fig. 1.1(b):

• When Λ > λ/(2neff), the grating operates within the diffraction regime, where light
entering the structure is scattered and radiates into the space above and below
the waveguide. Grating couplers primarily operate in this regime. Radiation of
the guided mode here contributes significant loss, though lossless propagation is
possible under certain configurations, including diffraction-less propagation [98]
and Huygens waveguiding [99].

• When Λ ≈ λ/(2neff), the grating operates within the Bragg regime (or the pho-
tonic bandgap), where no propagating optical modes exist. Any light entering
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Figure 1.1: (a) 3D model and (b) dispersion relation diagram for
a periodic waveguide.

the structure is immediately reflected by the grating. Gratings in this regime are
appropriately named Bragg gratings, which are heavily incorporated in spectral
filters.

• When Λ < λ/(2neff), the grating operates within the subwavelength regime, where
diffraction and reflection effects are suppressed. When the period is substantially
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smaller than the guided wavelength, the waveguide supports (theoretically) lossless
Floquet-Bloch modes. In this regime, the gratings can be approximated as a
homogeneous anisotropic waveguide medium with an equivalent refractive index
as described by effective medium theory (EMT) [42]:

n2
∥ = δn2

1 + (1 − δ)n2
2, (1.1)

1
n2

⊥
= δ

n2
1

+ (1 − δ)
n2

2
, (1.2)

where n1 and n2 denote the refractive indices of the constituent core and cladding
materials, respectively, and n∥ and n⊥ denote the first order approximation of the
equivalent refractive indices for the polarization parallel and perpendicular to the
grating structure, respectively. For smaller λ/Λ ratios, higher order approxima-
tions must be considered for a more accurate calculation of the equivalent refractive
indices [100; 101].

For brevity, any device discussed in this thesis that features SWG metamaterials is a
lengthwise periodic structure [35] operating along the first order photonic band in the
subwavelength regime (e.g., bottom blue line in Fig. 1.1(b)). As a result, any calculations
utilizing the EMT approximation will use Eq. 1.1 unless stated otherwise.

1.3.3 Integrated optics material considerations for SWGs

SWG metamaterials are now considered a fundamental building block in integrated
photonics as they offer many advantages, including ultrabroadband performance and
precise control over polarization, anisotropy, dispersion, and the electromagnetic field
distribution [39]. These benefits have been extensively investigated and demonstrated
in the SOI platform, where all structures feature an Si waveguide core (n1 ≈ 3.48) and
typically a cladding composed of silicon dioxide (SiO2, n2 ≈ 1.44) or air (n2 = 1),
depending on the application. From Eq. 1.1, this means the equivalent refractive index
of the composite material can be tuned approximately between {1.44, 3.48} for the case
of SiO2 cladding, or between {1, 3.48} for the case of air cladding, by solely adjusting
the duty cycle δ. This refractive index averaging effect shows that SWG waveguides
have a lower effective index compared to a conventional strip waveguide (analogous
to an SWG waveguide with δ = 1) with an equivalent geometrical cross-section. Fig.
1.2(a,b) compares the fundamental transverse electric (TE) mode profiles (λ = 1550
nm) of a standard SOI strip waveguide against an SOI SWG metamaterial waveguide
with δ= 0.5 approximated by EMT (n∥ ≈ 2.66). Both have SiO2 cladding surrounding
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the Si core waveguide, which has 220 nm thickness and 500 nm width. The reduced
effective index in the SWG waveguide generates an enlarged optical waveguide mode
that experiences greater interaction with the environment outside of the core waveguide
material compared to the strip waveguide. This is particularly beneficial for evanescent
field sensing applications, where the increased mode overlap with the top cladding sensing
medium effectively enhances the sensitivity of the device [71]. This principle holds for
any sensing medium with a low refractive index (n2 < 1.5), which is interchangeable
depending on the type of sensor (e.g., air for gas sensors [67], de-ionized (DI) water for
biosensors requiring microfluidic channels [68; 73]).

1.3.3.1 Functional cladding materials

Other top cladding materials outside of the conventional ones (e.g., SiO2, water, air) have
been proposed and used to improve performance and discover new capabilities in SWG
metamaterial waveguides. Some of the first SWG waveguide demonstrations applied
SU-8 polymer (n ≈ 1.58) as the upper cladding material and reported propagation loss
as low as 2.1 dB/cm with negligible polarization and wavelength dependent loss [33].
SU-8 polymer was also used to produce athermal SWG waveguides by balancing the
large positive thermo-optic coefficient of Si with the polymer’s negative thermo-optic
coefficient [102]. Chalcogenide glass (As20S80) was proposed and demonstrated as an
athermal top cladding for SOI SWG metamaterial waveguides [103]. It also possesses
benefits such as high refractive index (n ≈ 2.15), wide optical transparency, photo-
sensitivity, high non-linearity, and desirable low density for Brillouin photonics. These
demonstrations reveal that there is vast potential in the exploration of other cladding
materials for SWG metamaterial waveguides that may enhance performance metrics and
unlock unique properties for new and exciting applications.

Aluminum oxide (Al2O3) is a glass material with many properties that make it at-
tractive for integrated photonic devices. Its relatively high refractive index (n ≈ 1.65)
compared to other oxide materials and low optical loss across a broad spectral range
make it an ideal waveguide material for various applications [104]. Furthermore, the
fortuitous thermal, chemical, and mechanical properties of Al2O3 make it compatible
with standard processing techniques, such as lithography, and able to undergo vari-
ous etching methods, including ion-beam, reactive ion etching (RIE), and acid immer-
sion wet etching [105; 106]. Amorphous Al2O3 serves as an excellent host material
for rare-earth (RE) dopants, which are widely used for optical amplification and las-
ing in telecommunications among other applications [107]. Al2O3 has been heavily re-
searched for decades, leading to many thin film fabrication methods including pulsed
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Figure 1.2: Fundamental TE mode profiles for Si (a) strip and (b)
SWG waveguides with SiO2 top cladding, (c) strip and (d) SWG
waveguides with Al2O3 top cladding, and (e) strip and (f) SWG
waveguides with TeO2 top cladding. Each waveguide has 220 nm
thickness and 500 nm width.

laser deposition (PLD) [108], chemical vapour deposition (CVD) [109], atomic layer
deposition (ALD) [110], the sol-gel method [111], and reactive magnetron sputtering
[104; 105; 107; 112; 113; 114]. Of these, reactive magnetron sputtering is a preferred
method for thin film applications in integrated optics thanks to its fast, highly uni-
form, and wafer-scale deposition of low OH- content material from low-cost precur-
sor targets and its seamless integration with CMOS fabrication technology [114]. In
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addition, RE ion incorporation is readily available with the option to simultaneously
“co-sputter” high purity Al and RE metallic targets in the same chamber at differ-
ent rates for films with precisely controlled atomic concentrations [105; 114]. Various
Al2O3 optical amplifier and laser devices fabricated from reactive co-sputtering have been
demonstrated on silicon chips both as etched channel waveguides and as a cladding gain
medium on hybrid Si-based waveguide structures with RE ion dopants such as erbium
(Er3+) [107; 114; 115; 116; 117; 118; 119; 120; 121; 122; 123; 124; 125; 126; 127], ytter-
bium (Yb3+) [127], thulium (Tm3+) [128; 129], holmium (Hm3+) [130], and co-doped
Er3+:Yb3+ [131; 132]. ALD is another interesting deposition method for Al2O3 films.
By sequentially growing Al2O3 monolayers under self-limiting conditions, ALD produces
excellent quality Al2O3 films with ultralow loss and extremely high purity, uniformity
and conformality [110; 133; 134; 135]. RE ion incorporation is possible by sequentially
growing atomic layers of a RE-based oxide (e.g., erbium oxide Er2O3) between cycles of
the primary material (e.g., Al2O3), which can be adjusted for precise control over the
dopant concentration in the resulting RE-doped thin film [136]. ALD Al2O3/Er2O3 films
have been demonstrated as a gain medium for on-chip optical amplifiers, both as the core
material in a ridge waveguide configuration [136; 137] and as a cladding material over
SiN slot and strip waveguides [138; 139]. The ALD growth process is important for slot
waveguides since the deposited material completely fills in the nanoscale gap between the
SiN waveguide rails [140; 141]. Such a benefit can be utilized for SWG waveguides, which
have nanovoid features between the grating segments. ALD films have many drawbacks
compared to sputtering, including very low deposition rates, considerable amounts of
organic impurities from leftover precursor materials, small substrate area deposition,
and incompatibility with CMOS processing [114]. Nevertheless, ALD serves as a good
method for depositing high quality Al2O3 films for novel integrated optical devices, such
as those discussed throughout this thesis.

Tellurium oxide (TeO2) is another glass material that shares many similar attributes
with Al2O3 that make it an appealing waveguide material, including an even higher
refractive index (n ≈ 2.1) than Al2O3 [142]. It is less explored than Al2O3 and has
weaker chemical and thermal stability, making it harder to etch and therefore fabricate
for optical waveguides [143; 144]. Nevertheless, like Al2O3, TeO2 is readily available
through reactive magnetron sputtering, so it can be incorporated into a CMOS pilot
line and deposited directly onto existing waveguide structures with no patterning re-
quired [143; 144; 145; 146]. Furthermore, it possesses various properties that make it
an appealing waveguide gain medium and nonlinear optical material, including suit-
able bonding sites for trivalent rare-earth ion dopants, large emission cross-sections,
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wide emission bandwidth, low phonon energies for reduced non-radiative decay, high
nonlinear refractive index, low TPA, and large Raman and Brillouin gain coefficients
[142; 143; 144; 147; 148]. This has prompted many demonstrations of Si-based PICs
with sputtered TeO2 layers for microring and microcavity resonators [149; 150; 151],
sensors [152; 153], non-linear devices [154; 155; 156; 157], and optical amplifiers and
lasers utilizing Er3+ [158; 159] and Tm3+[160; 161; 162; 163] dopants.

Both Al2O3 and TeO2 have broad potential as cladding materials for SWG waveguides
to expand their performance and functionality in various integrated optics applications.
Because of their high refractive indices compared to other oxide materials, including
SiO2, SWG waveguides with Al2O3 and TeO2 cladding have a lower core-cladding in-
dex contrast, so they experience significantly less loss from sidewall scaterring [164]. As
attractive host materials for RE ions, Al2O3 or TeO2 can act as monolithically inte-
grated active gain media for waveguide amplifiers constructed using a CMOS foundry
process. Fig. 1.2(c-f) show the fundamental TE mode profiles for SOI strip waveguides
and EMT-approximated SWG metamaterial waveguides with Al2O3 (c,d) and TeO2 (e,f)
top claddings, respectively. Compared to the SWG waveguide with SiO2 cladding in Fig.
1.2(b), greater modal confinement in the upper cladding is observed for the SWG waveg-
uides with the Al2O3 and TeO2 cladding materials due to their higher refractive indices.
This increases the mode overlap with the top cladding material, which is essential for
waveguide amplifiers utilizing a RE-doped upper cladding gain medium. Furthermore,
because the mode is pulled up towards the high index cladding, substrate leakage loss is
significantly reduced. This is a common issue for SWG metamaterial waveguides coated
with lower index materials [165]. Regardless of the cladding, its overlap is strengthened
in SWG waveguides over strip waveguides since the latter confines the mode more strictly
to the waveguide core. This is observed throughout Fig. 1.2, which plots both strip and
SWG waveguide modes against one another, and in Table 1.2, which summarizes the
waveguide details and mode profile results. The mode overlap with the upper cladding
material (γclad) and the confinement factor in the upper cladding material (Γclad) are
described as [166]:

γclad =
∫∫

clad ε|E|2dydz∫∫
∞ ε|E|2dydz

, (1.3)

Γclad = ng
nclad

γclad, (1.4)

where ε is the relative permittivity, E is the electric field, ng is the group index of
the waveguide mode, and nclad is the upper cladding material refractive index. These
equations will be used throughout the thesis to quantify the performance of the various
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reported devices, which each have different upper cladding materials (e.g., TeO2, Al2O3,
SiO2, water, etc.).

Table 1.2: Comparison of fundamental TE mode profiles for 220
nm × 500 nm SOI strip waveguides (δ = 1) and SWG metamaterial
waveguides (δ = 0.5) with different top cladding oxide materials
from Fig. 1.2.

Cladding SiO2 Al2O3 TeO2
nclad 1.44 1.65 2.1

Waveguide Strip (a) SWG (b) Strip (c) SWG (d) Strip (e) SWG (f)
n∥ 3.48 2.66 3.48 2.72 3.48 2.87
neff 2.44 1.70 2.48 1.83 2.58 2.14
ng 4.05 2.66 3.96 2.67 3.74 2.67

Aeff 0.19 0.45 0.19 0.43 0.21 0.52
γclad 0.06 0.23 0.08 0.29 0.15 0.46
Γclad 0.17 0.42 0.19 0.47 0.27 0.58

1.3.3.2 Alternative SWG metamaterial waveguide materials

While the field of subwavelength integrated photonics has been established and primarily
demonstrated in Si [36], there is not much representation of SWG metamaterials in other
material platforms in integrated optics. An initial demonstration has already been made
for compound indium phosphide (InP)-on-insulator in the form of anti-reflection facets
[167]. However, the fabrication of such devices is relatively complex compared to SOI.
There is a lot of potential in applying the principles of subwavelength metamaterial
engineering in other material platforms compatible with SiP technology. This would
introduce the advantages of SWG metamaterials to other scalable waveguide materials
with applications that SOI cannot compensate.

As highlighted in Table 1.1, SiN has many enticing properties as a complementary
material to Si. The exploration of subwavelength metamaterials in SiN can be considered
to follow a similar path to the early research stages of Si SWGs [36]. SiN SWG struc-
tures were first discussed in free space optics [168]. Optomechanical systems have used
SiN for membrane-type resonators because of its low motional mass and low optical ab-
sorption [169]. High-contrast gratings patterned into SiN via electron beam lithography
(EBL) can be designed to have zero order diffraction and high reflectivity while exhibit-
ing remarkable mechanical quality factor and finesse [170]. This was demonstrated in
a subwavelength high-contrast grating membrane composed of SiN for a membrane-in-
the-middle optomechanical cavity system [171]. For integrated nanophotonic devices,
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SiN SWG structures have been primarily demonstrated in lens systems and configura-
tions, including low contrast concentrating lenses [172] and silicon-rich SiN metalenses
[173]. SWGs consisting of interleaving SiN host and Si inclusion materials were also
used to demonstrate a waveguide taper based on the Luneberg lens and a waveguide
crossing based on Maxwell’s fisheye lens [174]. Other mentions of SiN SWGs in the
literature include the design of layered Si/SiN polarization beam splitters [175] and the
demonstration of suspended SWGs for optical beam shaping [176].

While research of SiN-based SWG structures is well underway, the current PIC devices
reported in the literature are targeted towards very specific applications and sometimes
use SWG material configurations that are complex to fabricate. Considering that SiN is
a CMOS compatible material that can be fabricated alongside SOI and is becoming well-
established in many SiP foundries, it is appealing to implement SWGs on established SiN
platforms within the scope of the fabless industry model, which has not yet been done.
Following the footsteps of the successful implementation of SWGs in SOI, it is essential to
establish conventional passive SWG building blocks in SiN such as waveguides, couplers,
crossings, splitters, and resonators, and then expand the component library towards
more advanced structures.

1.4 Thesis overview

1.4.1 Thesis objective

The objective of this thesis is to investigate the design, fabrication, and characterization
of novel SWG metamaterial waveguide structures and expand the SWG metamaterial
device library for the Si and SiN integrated photonic platforms. The achievement of
this objective first required the careful study and design of SWG metamaterial waveg-
uide devices made from CMOS-compatible waveguide materials (Si, SiN) embedded in
functional cladding materials (Al2O3, TeO2) for novel SWG applications, such as on-
chip optical amplification. The limitations in the current fabrication technology were
also considered. Following design, development of various high-quality thin film fabri-
cation processes as well as experimental characterization and analysis of fabricated test
structures and devices were performed. This thesis describes the process of incorpo-
rating SWG metamaterial structures into new waveguide platforms, such as SiN, and
other unique photonic materials, and uses experimental demonstrations to highlight the
potential of these devices for applications in evanescent field sensing and light amplifi-
cation. The hope for this work is to inspire and motivate other researchers in industry
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and academia to contribute to this surging field and expand the component library and
application portfolio of SWG metamaterials in integrated photonics.

1.4.2 Statement of thesis work

This thesis represents a collection of research work with the central theme of proposing,
developing, and implementing new material configurations in subwavelength integrated
photonic devices and applications. The thesis includes 2 published manuscripts and 3
in preparation for submission. The published manuscripts included in the thesis have
a preceding statement indicating reproduction with permission and any additions that
were made for the purpose of the thesis preparation and presentation.

Chapter 2 presents a published manuscript and subsequent design work on TeO2-
coated SOI SWG metamaterial waveguides. The detailed design process for implement-
ing a new cladding material for SOI SWG metamaterials is presented, along with details
for the single-step back-end-of-line (BEOL) deposition process used for the TeO2 thin
films and characterization of the fabricated devices. A proposal and demonstration of
other SWG-engineered integrated photonic components for the hybrid Si-TeO2 material
platform are also given.

Chapter 3 presents a manuscript in preparation on a rapid prototyping foundry pro-
cess for SiN PICs. The SiN waveguide fabrication process is explained, and the additional
post-processing options are listed. Essential PDK components, including strip waveg-
uides, fiber-chip couplers, multimode interference (MMI) couplers, and ring resonators
are demonstrated and reported. The competitiveness of the platform with other ma-
ture SiN foundries is assessed and its highlights are mentioned, including feature size
dimensions that are essential for fabricating SWG metamaterial waveguide structures.

Chapter 4 presents a published manuscript on the first demonstration of SWG meta-
material waveguides and ring resonators fabricated using a SiN foundry process. The
design, fabrication, and characterization of these devices are investigated. The reported
metrics are comparable to equivalent SiN strip waveguides and competitive with SOI
SWG devices reported in literature, highlighting the prospects of SWG metamaterials
in different material platforms outside of SOI. The resonator’s viability as a competitive
SiN waveguide sensor for microfluidic applications is also discussed and presented.

Chapter 5 presents a manuscript in preparation on SiN SWG metamaterial waveg-
uides functionalized by hybrid Al2O3/Er2O3 thin films for optical amplification. Dif-
ferent strip and SWG waveguide designs are compared, and the thermal atomic layer
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deposition (tALD) process used for growing undoped and Er-doped Al2O3 thin films di-
rectly onto the SiN waveguides is explained. Gain measurements revealed signal power
enhancement in all measured devices, with the SWG-engineered waveguides exhibiting
superior amplification metrics over their strip waveguide counterparts. The discussion
of future steps, including methods for reducing background waveguide loss to achieve
internal net gain in the devices, concludes the chapter.

Chapter 6 summarizes the work in the thesis, discusses future pathways for building
on the presented work, and emphasizes how such endeavours will impact the field of
integrated optics.

1.4.3 Summary of publications

The following is a list of journal articles by the author that have contributed to the
results presented in this thesis:

• C. M. Naraine, J. N. Westwood-Bachman, C. Horvath, M. Aktary, A. P. Knights,
J. H. Schmid, P. Cheben, and J. D. B. Bradley, “Subwavelength grating meta-
material waveguides and ring resonators on a silicon nitride platform,” Laser &
Photonics Reviews, vol. 17, no. 2, p. 2200216, 2023.

• C. M. Naraine, J. W. Miller, H. C. Frankis, D. E. Hagan, P. Mascher, J. H.
Schmid, P. Cheben, A. P. Knights, and J. D. B. Bradley, “Subwavelength grat-
ing metamaterial waveguides functionalized with tellurium oxide cladding,” Optics
Express, vol. 28, no. 12, pp. 18538-–18547, 2020.

• C. M. Naraine, B. Hashemi, N. A. Hoffman, A. P. Knights, D. J. H. Emslie, J.
H. Schmid, P. Cheben, and J. D. B. Bradley, “Silicon nitride subwavelength grat-
ing metamaterial waveguide amplifiers enabled by atomic layer deposited hybrid
Al2O3/Er2O3 cladding,” manuscript in preparation.

• C. M. Naraine, B. L. Segat Frare, B. Hashemi, A. P. Knights, J. H. Schmid, P.
Cheben, and J. D. B. Bradley, “Silicon fishbone subwavelength grating metamate-
rial waveguides coated in tellurium oxide,” manuscript in preparation.

• C. M. Naraine, J. N. Westwood-Bachman, C. Horvath, H. M. Mbonde, B. L.
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Chapter 2

Silicon subwavelength grating
metamaterial waveguides
functionalized with tellurium
oxide cladding

This chapter describes the design, fabrication, and characterization of tellurium ox-
ide (TeO2)-coated silicon-on-insulator (SOI) waveguide structures engineered using sub-
wavelength grating (SWG) metamaterials. Silicon photonics (SiP) promises advanced
integrated optical chips that leverage well-established, state-of-the-art complementary-
metal-oxide-semiconductor (CMOS) manufacturing technology. However, active func-
tionality in silicon (Si) is fundamentally limited because of its low light-emission ef-
ficiency, high two photon absorption (TPA) in the near-infrared (NIR) spectrum and
short non-radiative recombination lifetime. A promising solution to overcome these lim-
itations is hybridization of Si with functional materials. TeO2 is a high-index glass
material with significant potential in integrated optical devices. It possesses a wide
optical transparency range that complements Si and acts as an excellent host for rare-
earth (RE) ions, enabling low quenching and large emission bandwidth with high gain
potential. TeO2 can be readily deposited onto SOI chips fabricated at CMOS foundries
using a post-process reactive magnetron sputtering system, such as the one at the Cen-
tre for Emerging Device Technologies (CEDT) at McMaster University. The system
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provides a straightforward, room-temperature process to monolithically integrate both
undoped and RE-doped TeO2 with SOI waveguides. SWG metamaterial structures are
fundamental building blocks in integrated photonics thanks to their design flexibility,
seamless adoption with existing CMOS fabrication methods, and precise lithographic
control over the mode field distribution. Incorporation of SWG metamaterials in Si
waveguides enables tunability over the mode effective index such that modal confinement
in the waveguide is reduced and interaction with the surrounding cladding material is
increased. The devices discussed in this chapter leverage SWG metamaterial engineering
to combine Si and TeO2 materials into a new type of hybrid nanophotonic waveguide.
Hybrid Si-TeO2 metamaterial waveguides are designed to maximize the mode overlap
and increase light-matter interaction with the TeO2 material, which is a key requirement
in active devices. Furthermore, our strategy allows efficient control over the photonic
bandstructure of the waveguide by modifying the device geometry. The presented work
shows that the hybrid Si-TeO2 SWG metamaterial waveguide is a promising step in the
development of new host structures for compact on-chip active devices in SOI photonic
integrated circuits (PICs).

The contents of this chapter that discuss the finite-difference-time-domain (FDTD)
simulation and design procedure, fabrication, characterization, and analysis of the de-
vices under the label “Design #1” are reprinted in part with open access permission
from the published manuscript under the following citation:

Cameron M. Naraine, Jeremy W. Miller, Henry C. Frankis, David E. Hagan, Peter
Mascher, Jens H. Schmid, Pavel Cheben, Andrew P. Knights, and Jonathan D.
B. Bradley, “Subwavelength grating metamaterial waveguides functionalized with
tellurium oxide cladding,” Optics Express, vol. 28, no. 12, pp. 18538-–18547, 2020.
DOI: 10.1364/OE.393729.

All other work presented in the chapter outlines waveguide designs produced after this
initial publication and their corresponding measurements (where applicable), and is in-
cluded in a separate manuscript in preparation. Section 2.1 provides an introduction
and motivation for leveraging metamaterial engineering to implement optically active
TeO2 material on the SOI platform. Section 2.2 discusses the design process for var-
ious components under investigation on the hybrid Si-TeO2 platform, including SWG
waveguides, edge couplers and mode transformers based on a “fishbone” SWG (FB-
SWG) topology. Details of how SWG metamaterial engineering is incorporated in the
modelling procedure are highlighted here. Section 2.3 presents the fabrication and char-
acterization procedures and experimental results of the physical devices based on three
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separate mask layouts. Each design iteration achieves a separate goal that establishes
SWG metamaterial waveguides on the hybrid Si-TeO2 platform as next generation de-
vices for active applications in integrated photonics. Section 2.4 concludes the findings
of this project and outlines future prospects and applications.

Abstract

We report on the design, fabrication, and characterization of SWG metamaterial waveg-
uides and other integrated optical components coated with TeO2. The structures are
first fabricated using a standard CMOS-compatible process on an SOI platform. Amor-
phous TeO2 top cladding material is then deposited via post-process radio frequency
(RF) magnetron sputtering. The photonic bandstructure is controlled by adjustment
of the device geometry, opening a wide range of operating regimes, including subwave-
length propagation, slow light and the photonic bandgap, for various wavelength bands
within the 1550 nm telecommunications window. The distribution of the mode field is
also carefully tuned to reduce loss in the waveguide circuit while sufficiently interacting
with the TeO2 material, which can be optically activated when doped with RE ions using
the same deposition procedure. A propagation loss of 1.0 ± 0.1 dB/mm is reported for
the first set of TeO2-clad SWG devices, which is lower than the 1.5 ± 0.1 dB/mm loss
reported for the silicon dioxide (SiO2)-clad reference structure. Mode transformers that
smoothly connect SWG and wire waveguides are also characterized and present 0.12 dB
loss for a 50 µm coupler length. This is the first time that a high-index (n > 2) oxide
cladding has been demonstrated for SWG metamaterial waveguides, thus introducing a
new material platform for on-chip integrated optics. These results provide encouraging
insights for developing and exploring other SWG-based waveguide devices in the Si-TeO2

integrated optics platform.

2.1 Introduction

SiP has been a subject of immense research interest over the last few decades due to
its promise in realizing low-cost, integrated optical chips that leverage well-established,
state-of-the-art CMOS manufacturing technology [1; 2; 3; 4]. However, Si still faces
several challenges as a photonic material – particularly low light-emission efficiency due
to its indirect band gap, short non-radiative recombination lifetime and strong TPA at
telecommunication wavelengths [4; 5; 6]. Rather than doping Si with optically active
materials to alter its intrinsic properties and overcome these challenges, hybridization
of Si with functional cladding materials provides a comparatively simple approach with
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less fabrication complexity. Various on-chip devices have utilized this process, including
Si wire waveguides [7; 8], slot waveguides [9; 10], nanophotonic beam splitters [11] and
microring resonators [12; 13; 14].

SWG metamaterials on the SOI platform are attractive photonic structures due to
their simple fabrication process and adjustable waveguide core effective index. Periodic
structures have been implemented in Si waveguides to manipulate light in various ways,
including diffraction, Bragg reflections, slow light propagation, and low loss Floquet-
Bloch mode propagation [15]. The behaviour of the light depends on the location of
the operating point of the device within the dispersion diagram [16]. SWG metamate-
rial waveguides operate well below the photonic bandgap where diffraction effects are
suppressed, and the gratings behave as a homogeneous anisotropic medium where light
propagation is permitted in the form of Floquet-Bloch modes [16]. The cladding material
surrounding the SWG waveguide core plays an important role in determining the core
effective index due to the index averaging effect, according to effecive medium theory
(EMT) [17]. Thus far, SWG devices have been implemented with air, water, SiO2 and
various polymers as cladding materials, yielding a plethora of Si-based integrated optical
devices [18], including fiber-to-chip couplers [19; 20; 21; 22; 23; 24], waveguide crossings
[25], sensors [26; 27], modulators [28], and multiplexers [29], to name a few. However,
the refractive indices of these materials are relatively low, limiting the achievable overlap
of an SWG waveguide mode with the cladding material.

TeO2 has significant potential as a high index cladding (n ≈ 2.1) for integrated
optical devices. Various on-chip thin film waveguides [30; 31; 32], lasers [33; 34], optical
amplifiers [34; 35; 36; 37], microring resonators [38; 39], sensors [40] and non-linear
devices [41] have incorporated TeO2 due to its wide optical transparency and promising
prospects as a host material for RE ions [42]. TeO2 employed as a cladding material
for SWG waveguides would provide a useful guiding mechanism for the expanded mode
caused by the relatively lower SWG waveguide core index. Its high refractive index
also attracts the mode upwards and away from the Si substrate, which significantly
alleviates substrate leakage loss that often affects SWG metamaterial waveguides [43].
This significantly increases the modal overlap with the top cladding material, which
is beneficial for amplification and sensing, and can reduce light interaction with the Si
waveguide sidewalls that contributes to waveguide propagation loss caused by scattering.
Scattering loss is also reduced due to the lower index contrast between the waveguide
core and cladding materials. Furthermore, different TeO2 film thicknesses, from tens
of nanometers to a few microns, can be applied to enable fine control of the Bragg
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condition for applications such as slow light devices [44]. This new design parameter can
also be exploited to scale down the waveguide geometry while maintaining a relatively
high mode effective index, thus increasing design flexibility for SWG waveguides across
a wide array of wavelengths that extend beyond the standard telecommunication bands.
This advantage is paralleled with the wide optical transparency window of TeO2 that
allows light propagation up to the mid-infrared (MIR) wavelength range, making it a
versatile material across multiple platforms.

In this work, we present a new waveguide platform consisting of TeO2 cladding on
Si SWG waveguides. The photonic bandstructure and mode field distribution of the
periodic SWG waveguides were engineered by tuning the device geometry within the
guidelines of the foundry process. The fabrication processes of both the waveguides and
the TeO2 film are discussed and were considered during the design phase, which involved
multiple electromagnetic solvers used to enhance the performance of different compo-
nents, including waveguides, edge couplers and mode transformers. Modal guidance was
demonstrated in the TeO2-clad SWG waveguide structure with a propagation loss of
1.0 ± 0.1 dB/mm reported above the bandgap. Similar losses can be achieved across
other regimes of the device bandstructure, which can be tuned accordingly over a wide
range of wavelengths used in telecommunications. Mode transformers that seamlessly
transition between wire and SWG metamaterial waveguides were also measured and ex-
hibited a loss of 0.12 dB for a 50 µm coupler length. These devices show promise for
this new hybrid material platform, which demonstrates potential for developing active
waveguide structures that are compatible with established integrated photonic fabrica-
tion technologies.

2.2 Simulation and design

This section highlights the design process for various waveguides and components utiliz-
ing SWG metamaterials on the Si-TeO2 integrated photonics platform. All simulations
were performed using the photonic device suite available from Ansys Lumerical. SWG
metamaterial waveguide design is first described from a generalized assessment of struc-
tures approximated using EMT in a 2D finite difference eigenmode (FDE) solver, and
then by calculating the Floquet-Bloch modes and dispersion relations of more specific
devices using an accurate and rigorous 3D FDTD solver. The design of both conven-
tional SWG and FB-SWG metamaterial waveguides is discussed. Next, the design of
specific SWG-based components, including edge couplers and mode transformers, is ex-
plained. FDE simulations were used to obtain the optimal mode field results for the

43

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/engphys/


Ph.D. Thesis–Cameron M. Naraine; McMaster University–Engineering Physics

approximated devices, and a fully vectorial, bi-directional eigenmode expansion (EME)
solver was implemented to calculate propagation characteristics and determine the ap-
propriate coupler lengths. These simulation results provided guidance and insight for
the fabricated waveguide devices discussed in Section 2.3 and lay the groundwork for
future SWG-based components to be investigated in the Si-TeO2 material platform.

2.2.1 SWG metamaterial waveguides – FDE simulations

Figure 2.1: (a) General cross-sectional diagram of an SOI SWG
metamaterial waveguide approximated by EMT in the 2D FDE
simulation environment. Inset shows the in-plane cross section
(top) and top view (bottom) schematics of conventional (left) and
“fishbone” (right) SWG waveguide configurations. Specific in-plane
cross-sectional diagrams used for (b) Design #1, (c) Design #2, and
(d) Design #3, as specified in Table 2.1.

An FDE solver was used to approximately evaluate the modal properties of SWG
metamaterial waveguides with varying geometric parameters. Fig. 2.1(a) shows a cross-
section of the waveguide device under investigation using the 2D FDE solver from Ansys
Lumerical. The Si substrate, SiO2 buried oxide (BOX), Si waveguide, averaged SWG
waveguide, TeO2 top cladding and air materials are indicated in black, grey, brown, red,
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blue, and white, respectively. With a wavelength of 1550 nm, the corresponding material
refractive indices are nSi = 3.476 [45], nTeO2 = 2.067 [46], nSiO2 = 1.444 [45], and nAir

= 1. The 3D SWG waveguide is decomposed into a 2D homogenous material with a
refractive index determined by the EMT approximation [17]. This core refractive index
(nSWG) depends only on the refractive indices of the constituent materials of the original
SWG waveguide (i.e., n1 = nSi and n2 = nTeO2) and the SWG duty cycle, which is defined
as waveguide-cladding ratio within one grating period. The geometric dimensions of the
TeO2 layer are based on previous studies that have implemented TeO2 films from the
same deposition system [38; 47]. Fixed parameters in the simulation include the BOX
thickness (tBOX= 2 µm) and waveguide thickness (twg= 0.22 µm), which are determined
by the SiP foundries being used for device fabrication. The remaining parameters to
be determined are the waveguide width (wwg), SWG duty cycle (δ), and TeO2 cladding
thickness (tTeO2), which are calibrated during or after fabrication. The waveguide bridge
width (wb) is also adjustable for devices utilizing a FB-SWG topology.

An overview of the modal attributes of conventional SWG waveguides coated in TeO2

cladding was obtained by running a sweep of FDE calculations where δ was fixed and
both wwg and tTeO2 were varied between 100 nm and 500 nm. This process was repeated
for δ values of 0.3, 0.5, 0.7, and 1, which, according to EMT, correspond to nSWG values
of 2.572, 2.860, 3.121, 3.476, respectively. δ = 1 is analogous to a conventional Si wire
(i.e., strip) waveguide. The simulation results are summarized as colour maps in the
following figures. Fig. 2.2, 2.3, 2.4, and 2.5 show the mode effective index (neff), group
effective index (ng), mode overlap with the TeO2 top cladding (γTeO2), and confinement
factor in the TeO2 top cladding (ΓTeO2), respectively. The neff and ng results were
collected directly from the FDE solver. γTeO2 and ΓTeO2 were calculated using Eq. 1.3
and 1.4, respectively, where TeO2 is the active upper cladding medium.

Overall, the adjustable parameters represent the volume of the high-index materials
in the simulation. Specifically, wwg, tTeO2 , and δ control the Si volume, the TeO2 volume,
and the ratio between the two, respectively. As each parameter is increased, neff increases
because the higher-index materials have a greater capability of confining the light. This
trend is observed in each colour map of Fig. 2.2. nSWG, and therefore δ, dictates the
upper limit of neff. The group index, ng, represents the rate of change in neff with respect
to wavelength. As expected, ng follows a similar trend to neff. Changes in the Si volume
(i.e., the width) inflict the greatest change on ng because Si has a greater refractive
index and material dispersion than TeO2 and SiO2. Therefore, more light confinement
in the Si material generates higher ng. Fig. 2.3 demonstrates this with the greatest ng
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Figure 2.2: 2D FDE simulated mode effective index (neff) for
EMT-approximated SWG metamaterial waveguide with varying
waveguide width (wwg) and TeO2 cladding thickness (tTeO2) and
duty cycles (δ) of (a) 0.3, (b) 0.5, (c) 0.7, and (d) 1. Dotted black
lines indicate where neff = 1.65. Designs below these thresholds
suffer from significant substrate leakage losses [43].

value of 4.24 observed in a wire waveguide (δ = 1) with moderately high wwg (350 nm)
and low tTeO2 (100 nm).

Fig. 2.4 shows that γTeO2 remains constant for all δ when wwg is minimized. As tTeO2

increases, γTeO2 is maximized since the mode confinement within the Si core relaxes
and expands to the next highest index material (i.e., the TeO2 cladding). Increasing
wwg causes the mode to increasingly concentrate in the waveguide core, thus decreasing
γTeO2 . Wire waveguides are substantially affected by the change in wwg regardless of
tTeO2 . On the other hand, SWG waveguides, particularly those with lower δ, alleviate
the modal influence of wwg, allowing moderate to high γTeO2 to be maintained, even in
wider waveguides. For example, in waveguides where both wwg and tTeO2 are 500 nm,
γTeO2 is 0.59, 0.39, 0.25, and 0.14 for δ values of 0.3, 0.5, 0.7, and 1, respectively. This
is what makes SWG metamaterial waveguides desirable for on-chip optical amplification
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Figure 2.3: 2D FDE simulated group effective index (ng) results
for EMT-approximated SWG metamaterial waveguides with vary-
ing waveguide width (wwg) and TeO2 cladding thickness (tTeO2)
and duty cycles (δ) of (a) 0.3, (b) 0.5, (c) 0.7, and (d) 1. Dotted
black lines represent thresholds from Fig. 2.2 (neff = 1.65).

using a heterogeneously integrated active gain medium.

The confinement factor in the TeO2 cladding, ΓTeO2 , has a proportional relationship
with ng and γTeO2 (see Eq. 1.4). However, the trend of ΓTeO2 shown in Fig. 2.5 closely
resembles the plots of γTeO2 in Fig. 2.4, which validates that ΓTeO2 has a greater de-
pendence on γTeO2 than ng. To develop on-chip waveguide amplifiers based on an active
gain medium (e.g., erbium (Er)-doped TeO2) surrounding the core waveguide, a design
with high γTeO2 is desired to maximize ΓTeO2 . However, there is a significant tradeoff
between γTeO2 and neff. The latter must be carefully optimized for minimizing substrate
leakage and bend radiation losses. Loss caused by substrate leakage is considered negli-
gible when neff > 1.65 for SWG metamaterial waveguides atop a 2 µm thick BOX layer
[43]. The dotted black lines in Fig. 2.2 indicate the threshold where neff = 1.65. Waveg-
uides below these lines are assumed to exhibit substantial loss and are not considered
for our designs. It is noted that this neff threshold is much more restrictive for lower δ
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Figure 2.4: 2D FDE simulated TeO2 cladding mode overlap
(γTeO2) for EMT-approximated SWG metamaterial waveguides
with varying waveguide width (wwg) and TeO2 cladding thickness
(tTeO2) and duty cycles (δ) of (a) 0.3, (b) 0.5, (c) 0.7, and (d) 1.
Dotted black lines represent thresholds from Fig. 2.2 (neff = 1.65).

waveguides. Furthermore, loosely confined modes with low neff and large mode effective
areas are more susceptible to bend radiation loss. To alleviate this problem, either the
bend radius of the waveguide must be increased, or the waveguide mode must be con-
verted to increase confinement and leverage tighter bend specifications. Both solutions
come at the expense of device compactness. While the latter solution suffers smaller
consequences with respect to footprint, it requires additional design steps for efficient
mode transformation, which will be discussed later in Section 2.2.4.

Throughout the research conducted within this project, various designs for Si-TeO2

SWG metamaterial waveguides were selected, fabricated, and characterized. These de-
signs are highlighted in Table 2.1 and their cross-sectional schematics are depicted in Fig.
2.1(b-d). Each design was simulated, fabricated and characterized separately over the
span of years. Therefore, the goals of the later designs are based on the successes of their
predecessors. “Design #1” was a proof-of-concept design for the Si-TeO2 platform that
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Figure 2.5: 2D FDE simulated TeO2 confinement factor (ΓTeO2)
for EMT-approximated SWG metamaterial waveguides with vary-
ing waveguide width (wwg) and TeO2 cladding thickness (tTeO2)
and duty cycles (δ) of (a) 0.3, (b) 0.5, (c) 0.7, and (d) 1. Dotted
black lines represent thresholds from Fig. 2.2 (neff = 1.65).

was included on a large-scale multi-project wafer (MPW) run. It was also the first design
layout I made during my PhD. The goal of the design was to show an initial experimental
demonstration of our novel Si waveguide, so we proposed an Si SWG waveguide with
a high neff and disregarded the mode overlap with the TeO2 cladding (γTeO2) for the
meantime. The parameters of “Design #1” were δ = 0.5, wwg = 450 nm, and tTeO2 = 100
nm. A grating period (Λ) of 360 nm and 0.5 SWG duty cycle (δ) were used to adhere to
the fabrication minimum feature size (MFS) of 180 nm. To avoid the photonic bandgap
at 1550 nm wavelength, a thin TeO2 layer had to be implemented (details discussed later
in Section 2.2.2). Following a successful experimental demonstration of the Design #1
SWG metamaterial waveguides on the Si-TeO2 integrated photonics platform, “Design
#2” was proposed to maximize γTeO2 so that high gain could be achieved in a potential
SWG waveguide amplifier device. Parameters of δ ∼ 0.3, wwg = 200 nm, and tTeO2 =
400 nm were used. This moderate tTeO2 value provided a safe and versatile range of
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Table 2.1: Summary of Si-TeO2 SWG designs studied during this
PhD project, with corresponding results from 2D FDE simulations.

Design # 1 2 3
Design goal

/ description
Proof-of-

concept, low
γTeO2 .

High γTeO2 ,
high gain
design.

First FB-SWG
design,

moderately
high γTeO2 .

tTeO2 (nm) 100 400 400
wwg (nm) 450 200 300
wb (nm) N/A N/A 100

δ 0.5 0.3 0.3
neff 1.88 1.84 1.95
ng 3.16 2.24 2.57

γTeO2 0.19 0.79 0.61
ΓTeO2 0.29 0.86 0.76

neff values, as well as substantial γTeO2 and ΓTeO2 metrics that are much higher than
Design #1 and comparable with other Er-doped waveguide lasers on Si [48; 49; 50]. The
increased tTeO2 from Design #1 also prevents mode energy from concentrating along
the TeO2-air material boundary above the waveguide, where additional scattering losses
are introduced and hinder the device performance. Low δ and wwg also served to boost
γTeO2 . While the fabricated SWG waveguides did not produce viable experimental re-
sults, SWG-wire mode transformer components based on FB-SWG waveguide structures
were also designed and characterized at this time. Specific design details of these compo-
nents are discussed in Section 2.2.4 and experimental results of the fabricated structures
are shared in Section 2.3.2. Following a successful experimental demonstration of low
loss SWG-wire mode transformers, the final design (“Design #3”) proposed and stud-
ied FB-SWG waveguides for the Si-TeO2 platform. These waveguides feature a thin
wire waveguide “bridge” section that connects adjacent grating segments together. The
bridge provides structural support for the isolated grating segments that still act as a
homogeneous medium permitting Floquet-Bloch mode propagation. The results for this
design in Table 2.1 used the same FDE simulation procedure described above for the
conventional SWG waveguides. The only difference is the addition of an extra Si waveg-
uide piece with width wb (< wwg) in the center of the homogeneous waveguide medium,
as illustrated by the brown blocks in the in-plane cross-sectional diagrams of Fig. 2.1.
Fabrication and characterization details for Designs #1, #2, and #3 are discussed in
Sections 2.3.1, 2.3.2, and 2.3.3 of this thesis, respectively.
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2.2.2 SWG metamaterial waveguides – FDTD simulations

Following the initial design stage using the FDE solver, 3D FDTD simulations were
conducted to model the photonic bandstructures and calculate the Floquet-Bloch mode
effective and group indices of the Si-TeO2 SWG metamaterial waveguide designs selected
from the FDE simulation step (see Table 2.1). In FDTD, the simulation window sur-
rounds a single grating unit cell, as shown in the inset of Fig. 2.6(a) with Si (red),
TeO2 (blue) and air (white) media indicated. Periodic boundary conditions were used
along the propagation direction to reduce simulation time, while perfectly matched layer
(PML) boundaries were used in the transverse directions of the simulation window. The
bandstructure of our SWG device used for Design #1 with a 360 nm grating period
(Λ) is depicted in Fig. 2.6(a). The dispersion diagram shows the flattening of the first-
order band (in red) as the band edge (k = π/Λ) is approached, and the bandgap region
(shaded in yellow) begins. The grey shaded area located above the (black) lightline
of SiO2 (n ≈ 1.444) corresponds to a continuum of leaky modes. Various mode pro-
files along the first-order band are shown in Fig. 2.6(b-c) to demonstrate the different
Floquet-Bloch mode behaviours that can be exploited in TeO2-coated Si SWG struc-
tures. Fig. 2.6(c) shows the mode profile near the band-edge where the mode intensity
is mostly concentrated in and around the high-index Si grating. The mode is more de-
localized in Fig. 2.6(b), far from the band-edge, and the smaller period-to-wavelength
ratio results in effective homogenization of index contrast.

The Bragg condition states that neff = λBragg⁄(2Λ), where neff is the Floquet-Bloch
mode effective index, λBragg is the Bragg wavelength that marks the boundary between
subwavelength regime and photonic bandgap, and Λ is the period (pitch) of the waveg-
uide gratings. For a grating with a period of 360 nm, a Floquet-Bloch mode effective
index of ∼2.06 is achieved at a Bragg wavelength of 1480 nm, as indicated in Fig. 2.7(b)
(in black). Conformal cladding materials with lower refractive index, such as SiO2, and
micron-scale thickness cannot achieve a Floquet-Bloch mode effective index this high
without having to increase volume fraction of the Si in the waveguide core, which would
yield a multimode waveguide and reduce light-matter interaction with the cladding mate-
rial essential for our aimed application, i.e., light amplification. In contrast to conformal
SiO2 cladding, high-index TeO2 cladding only a few tens of nanometers thick is suf-
ficient to reach this Floquet-Bloch mode effective index value. Figure 2.7 shows the
dispersion relation, Floquet-Bloch mode effective index, and group index with respect to
free space wavelength for our SWG device with the same parameters as in Fig. 2.6 but
with varying cladding thicknesses of 90 nm (red), 100 nm (green) and 110 nm (blue).
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Figure 2.6: (a) 3D FDTD simulated photonic bandstructure of
proposed device in Design #1. Grey and yellow shaded areas corre-
spond to a continuum of unguided modes above the SiO2 lightline
(in black) and the photonic bandgap, respectively. Inset depicts top
view index profile at half waveguide height of simulated unit cell
with length Λ (black dashed box). Top view Floquet-Bloch mode
intensity distribution profile for periodicities and wavenumbers (b)
Λ = 300 nm and k = 0.33 and (c) Λ = 360 nm and k = 0.47, at
λ = 1480 nm. Yellow and green star on the first order band in (a)
show the location of (b) and (c), respectively.

The corresponding Bragg wavelengths for these cladding thicknesses are 1444 nm, 1465
nm and 1481 nm, respectively, yielding a 15–20 nm shift in Bragg wavelength with only
a 10 nm variation in TeO2 cladding thickness. This is a significant Bragg wavelength
shift, especially compared to equivalent variations in low-index cladding thickness, in-
dicating that TeO2 provides a useful design parameter for bandgap tunability of SWG
waveguides.

Designs #2 and #3 implemented a greater TeO2 thickness to substantially increase
the mode overlap with the TeO2 cladding material. Furthermore, they used a Si foundry
process with a MFS of ∼60 nm, making the design space for the grating segments more
flexible. The same FDTD procedure described above was used for these designs. The
simulation setup is equivalent to the schematic displayed in the inset of Fig. 2.6(a),
except there is no air gap between the gratings due to the increased TeO2 cladding
thickness. Fig. 2.8(a) displays the first photonic bands of various simulated SWG
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Figure 2.7: 3D FDTD simulated (a) dispersion relation, (b)
Floquet-Bloch mode effective index, and (c) group index for the
TeO2-coated SWG waveguide with wwg = 450 nm, Λ = 360nm and
δ = 0.5 studied in Design #1. The red, green and blue curves cor-
respond to TeO2 cladding thicknesses of 90 nm, 100 nm and 110
nm, respectively. The black dotted line in (b) corresponds to the
Bragg condition at Λ = 360 nm. Shaded areas represent slow light
regions where ng > 10 for each case.

waveguide devices for Design #2. The grating segment length (δΛ), depicted in Fig.
2.1, and TeO2 cladding thickness (tTeO2) are fixed at 100 nm and 400 nm, respectively,
but the waveguide width (wwg) and grating period (Λ) are varied. This bandstructure
diagram is expressed with respect to free space wavelength λ rather than frequency ω for
clearer visualization. The band edge wavelength (λBE) for each device is the wavelength
where wavevector kx = π/Λ, which represents the boundary between wavelengths along
the band operating in the subwavelength regime (λ > λBE), where Floquet-Bloch mode
propagation is permitted, and the photonic bandgap (λ < λBE), where Bragg reflections
occur and prohibit light propagation. As dictated by the Bragg condition, λBE is signif-
icantly redshifted as the period increases. Greater waveguide widths generate the same
effect since the waveguide mode effective index increases. However, this change is less
significant in comparison to variations in Λ. These two waveguide parameters enable
full tunability of the modal properties of the SWG device and its operating wavelengths.
Our Er-doped amplifiers utilize 1550 nm and 1480 nm light as the signal and pump
sources, respectively, so these are required to be within the subwavelength regime. From
Fig. 2.8, these conditions are met when the Λ < 390 nm for an SWG waveguide with
200 nm width. Like in Fig. 2.6(b-c), three Floquet-Bloch mode profiles in Fig. 2.8 show
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Figure 2.8: First order photonic bands of 3D FDTD simulated
dispersion relation for various TeO2-coated SWG waveguide devices
with δΛ = 100 nm and tTeO2 = 400 nm studied in Design #2. Stars
on dispersion relation correspond to Floquet-Bloch mode profiles of
200 nm width (wwg= 200 nm) SWG waveguide device with Λ = 330
nm at 1550 nm wavelength (blue), as well as Λ = 390 nm at 1550
nm (red) and 1480 nm (yellow) wavelength.

how the band location on the dispersion diagram affects the field distribution through
the SWG waveguide. From left to right, the mode evolves from the deep subwavelength
regime, where strong modal homogenization and field continuity along the longitudinal
axis persists, to photonic bandgap edge, where the electric field concentrates on the
grating as the Bragg condition is fulfilled. The slow light regime exists just above λBE

where the band flattens near the band edge and causes the group velocity to approach
zero (vg → 0, ng → ∞). Utilizing the slow light effect on the pump source may pro-
vide benefits for increasing the light-matter interaction necessary for higher modal gain
output [51]. Using Eq. 1.3, and expanding it to three dimensions with a mode volume
overlap integral [28], the calculated mode overlap between the left Floquet-Bloch mode
(blue star) and the TeO2 cladding is 85.2%. This shows slight improvement over the
79.4% overlap calculated in the approximated SWG structure in the 2D FDE simulation
(see Table 2.1) because of the inclusion of the TeO2 region between the gratings that is
not considered in the 2D calculation.

Design #3 targeted FB-SWG waveguides featuring a thin wire waveguide bridge with
width wb interconnecting the SWG segments (Fig. 2.9(a)). This increases robustness of
the SWGs and reduces the potential for air gap formation between the gratings during
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Figure 2.9: (a) Floquet-Bloch mode propagation and fundamen-
tal TE mode profiles (b) across the grating segment and (c) in be-
tween adjacent grating segments of the 3D FDTD simulated TeO2-
coated FB-SWG waveguide device studied in Design #3.

deposition of the TeO2 thin film. Fig. 2.9 shows the Floquet-Bloch mode profile obtained
by 3D FDTD simulations for the Design #3 structure described in Table 2.1 with a 300
nm grating period. Fig. 2.9(a) show the top-view of the Floquet-Bloch mode profile as
the field propagates through the waveguide, while Fig. 2.9(b) and (c) show the transverse
cross-sections on and between the segments, respectively. The mode effective and group
indices are 1.95 and 2.67, respectively. While neff is in good agreement with the 2D FDE
result from Table 2.1, ng is about 0.1 greater in the 3D simulation. This is due to proper
consideration of the material dispersion in the 3D simulation which was neglected in the
2D simulation. The calculated mode overlap with the TeO2 cladding is 73.2%. Similar
to Design #2, this value is larger than the 60.7% calculated from the 2D simulation
because the TeO2 cladding between the gratings is included in the numerator of the
integration.

2.2.3 SWG edge couplers – FDE simulations

Edge couplers are used to efficiently couple light between the optical fiber and the chip.
Unlike surface grating couplers, edge couplers have lower polarization dependence as well
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as broadband operation which is beneficial for coupling pump and signal sources together
onto the same waveguide amplifier. A common edge coupler design for Si waveguides
involves lateral tapering of the waveguide width near the edge facet that connects to
the adjacent fiber [52]. This releases the mode confinement from the waveguide core,
generating greater overlap, and therefore lower coupling loss, with the large fiber mode.
Edge couplers leveraging SWG metamaterial engineering have been successfully demon-
strated with superior performance, as the duty cycle can be tuned to further delocalize
the mode from the waveguide and generate polarization-independent mode overlap with
the fiber mode and increased tolerance to feature size variations [15; 19; 21].

The FDE solver was used to calculate the fundamental tranverse electric (TE) modes
of various TeO2-clad wire and SWG waveguide structures. The calculated waveguide
modes were then compared to a fiber mode approximated by a Gaussian beam profile
using the integrated overlap analysis tool, which calculated the mode overlap and power
coupling between the waveguide and fiber modes. We compared our edge couplers against
a lensed fiber with a 2.5 ± 0.5 µm mode field diameter (MFD), which is used in our
experimental setup.

Fig. 2.10 and 2.11 show the effective index of SWG waveguide modes for various
waveguide widths and duty cycles, and the coupling efficiency of each of these modes
with respect to a lensed fiber with 2.5 µm MFD, respectively. Different TeO2 cladding
thicknesses are compared, as well as SiO2-clad reference structures. The coupling effi-
ciency (CE) of each edge coupler is determined by the power coupling result outputted
by the overlap analysis tool in the FDE solver, which accounts for both the overlap and
the effective index mismatch between the waveguide and fiber modes. Table 2.2 high-
lights the optimal edge coupler geometries where the coupling efficiency is at its peak for
each waveguide configuration. The SiO2-clad waveguides experience the best coupling
efficiencies (between -0.27 and -0.24 dB) across a variety of waveguide parameters. Each
of the optimal SiO2-clad edge couplers have mode effective indices of ∼1.45, which are
approximately equal to the fiber mode effective index. Waveguide widths above the op-
timal point on each data series in Fig. 2.11(a) generate mismatch by over-confining the
mode in the waveguide and increasing the effective index. On the other hand, waveg-
uide widths to the left of the peaks lack confinement and generate mode sizes greater
than the fiber mode, which also decreases the coupling efficiency. These modes would
be more suitable if the fiber MFD was increased. The optimal edge couplers with 100
nm TeO2 cladding thickness are within the simulated waveguide width range and have a
coupling efficiency near -0.95 dB for all duty cycles. This coupling efficiency is less than
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Figure 2.10: FDE simulated mode effective index for vari-
ous EMT-approximated SWG waveguides coated with (a) SiO2
cladding and (b) 100 nm, (c) 200 nm, and (d) 400 nm-thick TeO2
cladding.

that of the SiO2-clad edge couplers because the mode shape of the narrow TeO2-coated
Si waveguide is less representative of a Gaussian profile that the fiber mode resembles.
Regardless, this yields the highest coupling efficiency of all the simulated TeO2-clad
waveguides. The optimal edge couplers for waveguides with 200 nm and 400 nm TeO2

cladding thickness are those with 100 nm waveguide width (i.e., the smallest simulated
width), regardless of duty cycle. This is because the mode effective index converges to
a specific value called the slab mode effective index (nslab

eff ), as wwg → 0. nslab
eff increases

with, and is dictated by, the TeO2 cladding thickness, and was determined to be 1.551
and 1.775 for 200 nm and 400 nm TeO2 cladding thickness, respectively. For both these
thicknesses, the optimal edge coupler has a 0.3 duty cycle and 100 nm waveguide width,
which provides coupling efficiencies of -2.161 and -2.861 dB for 200 nm and 400 nm
TeO2 cladding thicknesses, respectively. Increasing the cladding thickness any further
will only raise the slab mode effective index and generate greater modal discrepancy
from the fiber mode, resulting in lower coupling efficiency. Therefore, the best edge
couplers with TeO2 cladding are those with thinner TeO2 films. To achieve the highest
overall coupling efficiency and still leverage TeO2 for functionalizing SWG waveguides,
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Figure 2.11: FDE simulated coupling efficiency for an interface
between a 2.5 µm MFD lensed fiber and various EMT-approximated
SWG waveguides coated with (a) SiO2 cladding and (b) 100 nm,
(c) 200 nm, and (d) 400 nm-thick TeO2 cladding.

the designer may coat the edge facets in foundry SiO2 cladding and include oxide open
windows around the areas of interest away from the facets so that the TeO2 film may
be deposited directly onto the inner waveguides after fabrication. However, this option
is not offered by all foundries, and it introduces further design challenges, such as mode
transition regions between SiO2-clad and TeO2-clad waveguide sections.

The foundry used for Design #1 had an MFS of 180 nm. Because of the circuit design
considerations, which will be discussed in Section 2.3.1, solid core edge couplers (i.e.,
duty cycle δ = 1) were used for all devices. A tip width of 180 nm was used to respect
the MFS, which provided a coupling efficiency of -2.24 dB for edge couplers coated in
100 nm thick TeO2. Both Design #2 and #3 targeted 400 nm thick TeO2 for increased
mode interaction with the TeO2 gain medium. The foundry did not offer oxide open
windows, so the edge couplers had to have TeO2 cladding. Design #2 used both solid
core (δ = 1) and SWG (δ = 0.3) edge couplers for various designs with 100 nm waveguide
width, yielding coupling efficiencies of -3.256 and -2.861 dB, respectively. Fabrication
issues arose around the SWG edge couplers regarding fragility, so all waveguide devices
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Table 2.2: Optimal Si SWG edge couplers based on 2D FDE
simulations.

Cladding δ wwg (nm) neff CE (dB)

SiO2

0.3 320 1.451 -0.274
0.5 240 1.453 -0.265
0.7 200 1.452 -0.251
1 170 1.450 -0.242

100 nm
TeO2

0.3 180 1.448 -0.948
0.5 150 1.447 -0.950
0.7 140 1.449 -0.948
1 120 1.447 -0.949

200 nm
TeO2

0.3 100 1.582 -2.161
0.5 100 1.593 -2.320
0.7 100 1.603 -2.475
1 100 1.616 -2.681

400 nm
TeO2

0.3 100 1.807 -2.861
0.5 100 1.816 -2.982
0.7 100 1.825 -3.099
1 100 1.836 -3.256

in Design #3 only utilized the solid core edge coupler from Design #2 (with -3.256
dB coupling efficiency). Future design iterations for SWG waveguide amplifiers should
strongly consider edge couplers with the best coupling efficiency so that the facet loss,
which is a prime culprit for limiting pump power efficiency on chip, is alleviated.

2.2.4 SWG-wire mode transformers – EME simulations

Mode transformers are essential components in the design of an integrated optical circuit
incorporating SWG metamaterials. They seamlessly convert a loosely confined SWG
waveguide mode into a highly confined wire waveguide mode, and vice versa. Designing a
mode transformer with low transition loss provides flexibility in the circuit design. Other
common components, such as edge couplers, waveguide bends, directional couplers, and
multimode interference (MMI) couplers, can be used in various configurations (SWG-
based or wire) throughout the photonic device and connected to waveguide routers of
either type (i.e., wire or SWG) as required by the application and without sacrificing
performance. For example, our waveguide amplifiers use these mode transformers to
efficiently switch between straight SWG waveguide gain sections and wire waveguide
bends. This method of routing light has many benefits over SWG bends, including
greater compactness and reduced bend radiation loss.
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Figure 2.12: EME simulation of 50 µm-long SWG-wire mode
transformers coated in 400 nm-thick TeO2 cladding. (a) Refractive
index and (b) TE-polarized field profiles from a (i) top view (z
= 0.11 µm) and (ii) side view (y = 0 µm). Inset of (a)(i) shows a
detailed top view schematic of the original Si waveguide structure in
which the simulated EMT-approximated refractive index is based.
Lossless mode transformation is achieved from (c) a launched FB-
SWG waveguide mode (x = 5 µm) to (d) an output wire waveguide
mode (x = 55 µm).
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A fully vectorial and bi-directional EME solver was used to simulate the efficiency
of our TeO2-coated SWG-wire mode transformers. The EME algorithm uses cells to
decompose a device into sets of eigenmodes and then compares the field solutions at ad-
jacent cell boundaries to formulate scattering matrices in each section. Once completed,
the S matrix of the entire device can be calculated for any device length without having
to repeat the eigenmode computation. This makes the EME method particularly effi-
cient for calculating mode propagation, even over long distances. More rigorous solvers,
such as FDTD, scale computational load and time with device length and require full
re-calculation when the device parameters are changed. We only used the EME solver
to simulate our mode transformers since excellent agreements between 3D-FDTD and
3D-EME simulation results in similar Si photonic couplers have already been previously
demonstrated [53].

Fig. 2.12 shows the index and mode profiles of the simulated SWG-wire mode trans-
former using the EME method. These mode transformers for Design #2 and #3 feature
an SWG waveguide with a constant width of 300 nm and a wire waveguide bridge section
with a width that inversely and linearly tapers over the device length from 100 nm to
450 nm. The transformer is designed to enable a near lossless transition between a 450
nm-wide wire waveguide and a FB-SWG waveguide with 100 nm and 300 nm width for
the wire bridge and SWG, respectively. To ensure each part of the mode transformer
operates in the subwavelength regime, the period is adiabatically chirped through the
transformer as the Si bridge width increases. The grating segment length is fixed (δΛ =
100 nm), so the duty cycle changes with the period. The inset of Fig. 2.12(a)(i) shows
a detailed top view schematic of the Si structure near the SWG waveguide end of the
mode transformer and highlights the change in the SWG parameters as the wire waveg-
uide end is approached. EMT is used to imitate a homogeneous medium for the SWG
waveguide portion of the transformer. Fig. 2.12(a) shows a gradually increasing core
index for the approximated SWG waveguide from left to right due to the increasing duty
cycle within this transition. A mode transformer length (LMT) of 50 µm was selected
based on similar devices previously demonstrated [21]. Fig. 2.12(b) shows the mode
propagation from both a top and side view. The fundamental FB-SWG waveguide and
wire waveguide mode profiles shown in Fig. 2.12(c) and (d), respectively, correspond to
the launched mode on the left side (x = 5 µm) and resulting mode on the right side (x
= 55 µm) of the field propagation profiles in Fig. 2.12(b). These modes have effective
indices of 1.964 and 2.511, respectively.

Fig. 2.13 displays the transmission results from the S matrix calculations performed
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Figure 2.13: Simulated transmission obtained from EME (a)
propagation sweep at 1.55 µm wavelength and (b) wavelength sweep
for SWG-wire mode transformers with various lengths and 400 nm-
thick TeO2 cladding.

by the propagation and wavelength sweeps in the EME analysis. The Si substrate is
included in the simulation window, which uses PML boundary conditions on all sides to
consider light leakage in the loss calculation. The results from the propagation sweep at
1550 nm wavelength shown in Fig. 2.13(a) present negligible loss for all mode transform-
ers with lengths > 30 µm. TeO2-coated mode transformers have lower length thresholds
for lossless operation because the effective index difference between the modes entering
and leaving the transformer is much lower than those coated in lower index claddings,
such as SiO2 or air. This is beneficial for maintaining compactness in mixed SWG/wire
waveguide circuits on this integrated photonics platform. Meanwhile, the results from
the wavelength sweep for various device lengths shown in Fig. 2.13(b) illustrate wave-
length independence across a broad spectrum. SWG-based devices operating in distant
telecom bands, such as the O-band or 2-µm window, will require geometric optimization
based on the dispersion relation and modal requirements for those wavelengths. Never-
theless, this process shows that SWG-wire mode transformers can be readily designed
for the Si-TeO2 photonics platform regardless of the spectral region.

2.3 Fabrication and characterization

The following section details the fabrication and characterization steps carried out on
three distinct layouts for the Si-TeO2 SWG project in chronological order. The test struc-
tures fabricated on each design layout are summarized in Table 2.3. First, conventional
SWG metamaterial waveguides coated in TeO2 were fabricated and measured, show-
casing the proof of concept for SWG structures within the heterogeneously integrated
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material platform. A thin layer (∼100 nm) of TeO2 was applied for this design to respect
fabrication specifications set by the foundry while maintaining subwavelength operation,
as well as to alleviate the possibility of airgap formation between the grating segments,
which increases with deposition time. A propagation loss of 1.0 ± 0.1 dB/mm and a
coupling loss of 4.8 ± 0.2 dB/facet were measured in the devices at a wavelength of 1480
nm. Next, an updated design was made to improve the SWG-wire mode transformer
performance. A new foundry utilizing electron beam lithography (EBL) technology was
used to fabricate these designs and circumvent previous feature size limitations that
inflicted Bragg reflections in the spectral region of interest in the initial design. Further-
more, a thicker TeO2 cladding (∼400 nm) was applied to increase its modal overlap and
reduce the modal density around the material boundaries that inhibit greater loss due
to scattering effects. Characterization of cutback-type circuits revealed a loss of 0.12
dB in each mode transformer, which corresponds well with EME simulations given the
contribution of imperfections in fabrication. Finally, a third design exploring FB-SWG
metamaterial waveguides was generated. This topology provides greater robustness in
the grating structures and diminishes the possibility of airgap formation between the
grating segments with the addition of the Si bridge through the waveguide. The layout
for this design is discussed, but fabrication is still underway, so no experimental results
are presented in this thesis.

Table 2.3: Summary of fabricated Si-TeO2 SWG designs.

Design # 1 2* 3
Structures
fabricated

Various
cutbacks

(Wire; SWG)

Various
cutbacks

(Wire; SWG;
MT)

See Table 2.4

Structures
measured and

reported

Wire
cutbacks#;

SWG cutbacks

Wire
cutbacks#;

MT cutbacks

N/A

* MT = mode transformer.
# Measured to extract wire waveguide loss from other cutback struc-
tures.

For brevity, each of the devices discussed below features an amorphous TeO2 thin
film grown using a RF reactive magnetron sputtering process [38; 47]. This backend
deposition procedure enables room temperature deposition at a chip scale, yielding low-
loss TeO2 thin films compatible with active Si photonic devices fabricated in CMOS
foundries [54; 55]. Details of the TeO2 deposition for each chip will be briefly discussed
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in the following sections where required.

2.3.1 Design #1: SWG waveguide cutback structures

Figure 2.14: (a) Top view schematic of fabricated SWG device
with Si wire (solid) and SWG (striped) waveguides sections. Dash
lines indicate the locations of the scanning electron microscope
(SEM) images of the fabricated b) uncoated and c) 105 nm-thick
TeO2-coated mode transformer transitions, d) TeO2-coated SWG
waveguide (side view), and e) uncoated and f) TeO2-coated SWG
waveguides (angled view). Image in d) was taken 52° to the surface
normal while all other images were taken 45° to the surface normal.

Our waveguides were fabricated on a 200 mm MPW run on an SOI platform through
Advanced Micro Foundry (AMF) in Singapore. A 193 nm deep-ultraviolet (DUV) litho-
graphic process was used with a 220 nm-thick Si waveguide layer on a 2 µm-thick SiO2

BOX layer. Deep Si trenches were created along the chip edges to facilitate fiber-chip
edge coupling. Wafers with and without top oxide cladding deposited by AMF were
fabricated, allowing SiO2-clad reference structures and exposed waveguide structures for
a separate post-process TeO2 thin film deposition, respectively. It is noted that the DUV
lithography process used for our manufacturing has a comparatively large MFS of 180
nm [56]. This MFS allows a minimum grating period of 360 nm with a corresponding
50% duty cycle (Λ = 360 nm, δ = 0.5), which we used in all our SWG structures. Fig.
2.14(a) shows the overall schematic of our SWG waveguide test structure. A series of
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these straight SWG structures were fabricated with different SWG waveguide lengths
(LSWG) to measure loss using the cutback method. The SWG waveguide section is con-
nected to two wire waveguide sections that vary in length between devices so that a
constant device length of 3 mm (Ldevice = 3 mm) is maintained for all test structures.
A standard wire waveguide width of 450 nm (Wwire = 450 nm) is used for single mode
operation [57]. 50 µm-long mode transformers (LMT = 50 µm) leveraging the SWG
waveguide engineering concept first proposed in [21] are used to connect SWG and wire
waveguide sections to gradually transform the mode along the device. The Si wire taper
in the mode transformer ends with a width of 180 nm, due to MFS restrictions of the
fabrication, before joining the SWG region. A series of 450 nm-wide wire waveguides
were also fabricated to determine loss of the wire sections. Serpentine structures with 50
µm bend radius were used to obtain different Si-wire waveguide lengths required for loss
measurements. All waveguide structures have 75 µm-long tapers (LT = 75 µm) from
the wire waveguide sections up to the chip edge where the waveguide width is reduced
to 180 nm (MFS limit), to enhance the fiber-chip coupling efficiency.

The wafer was diced into chips following wafer-scale fabrication. We deposited a
101 ± 5 nm-thick TeO2 film onto chips without SiO2 top cladding from the foundry.
Fig. 2.14(b) and (e) show SEM images of the uncladded mode transformer and SWG
waveguide structures on the chip, respectively. Fig. 2.14(c) and (f) show the same
structures following the TeO2 thin film deposition. Given the pitch and duty cycle
available for our SWG device, a thin layer of approximately 100 nm is required to ensure
an appropriate Floquet-Bloch mode effective index. This also helps minimize air gap
formation between the Si segments caused by nucleation of the film on top of the gratings.
This is particularly evident in gratings with increased duty cycles or reduced pitches.

We measured the optical propagation loss of the fabricated structures by fiber edge
coupling to a set of test structures with different propagation lengths. A tunable laser
source was coupled into the chip via lensed fiber with a 2.5 ± 0.5 µm MFD. The in-
put polarization was controlled using polarization paddles at the input of the chip and
the transmitted signal at the output was measured using an indium gallium arsenide
(InGaAs) photodetector. Figure 2.15(a) shows the measured insertion loss of the waveg-
uide with 3 µm-thick SiO2 cladding and 100 nm-thick TeO2 cladding over a 1460–1640
nm wavelength range. Measurements were referenced to a 450 nm-wide wire waveguide
structure equivalent to the wire waveguide sections on the SWG device to account only
for the loss of the SWG waveguides of varying lengths (LSWG) and the two 50 µm-long
mode transformers connecting them to the wire waveguide sections. A Savitsky-Golay
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Figure 2.15: (a) Measured insertion loss of SWG waveguides with
3 µm-thick SiO2 cladding and 100 nm TeO2 cladding, with WSWG
= 450 nm, Λ = 360nm and δ = 0.5 and varying SWG waveguide
lengths (LSWG) indicated in legend. (b) Measured propagation loss
at λ = 1630 nm and λ = 1480 nm for the SiO2-clad and TeO2-clad
waveguides, respectively.
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smoothing filter was applied to the overall spectral data to reduce Fabry-Perot ripple
caused by facet reflectivity. Each spectrum displays a bandgap with high reflectivity sur-
rounded by regions of high transmission. The misalignment of the spectra between the
different claddings is caused by differences in Floquet-Bloch mode effective index, where
the SiO2-clad spectra have a lower wavelength bandgap than the TeO2-clad spectra,
i.e. a lower Bragg wavelength, as expected. The position of the TeO2-clad waveguide
spectra is significantly redshifted in comparison to the simulation results with a Bragg
wavelength of ∼1530 nm instead of 1465 nm. From the SEM images in Fig. 2.14, we
observe rounded waveguide grating structures that result from limited resolution of the
DUV lithographic patterning. The round shapes are emphasized following the deposition
of the TeO2 film, which displays excellent uniformity.

The areas of high transmission correspond to the second- and first-order bands below
1480 nm and above 1600 nm, respectively. Fabry-Perot resonance patterns starting
at a wavelength of 1540 nm are noted with a gradual ascent in transmission towards
higher wavelengths, making it difficult to determine the exact location of the band edge.
These oscillations likely arise from the mode transformers approaching Bragg resonance
near the junction with the Si wire waveguide. The Floquet-Bloch mode effective index is
significantly increased near the Si wire taper and any rounding of the described structures
caused by the lithographic patterning might leave behind excess Si, thus contributing
to the large redshift in the Bragg resonance wavelength and overall dispersion relation.
Bragg wavelengths of 1560 nm and 1670 nm are estimated in the mode transformer
at the SWG end, depicted in Fig. 2.14(c), and the wire waveguide end, respectively.
This shift affects the transmission spectrum over the wavelength range up to 1670 nm,
decreasing transmission and introducing Fabry-Perot fringes. This effect can be readily
mitigated by chirping the period along the mode transformer to reduce the Floquet-
Bloch mode effective index near the SWG-wire junctions. However, we could not use
this technique in our current design due to the comparatively large MFS of the DUV
patterning process.

We analyzed losses in the S-band for the TeO2-clad waveguide and the far end of the L-
band for the SiO2-clad waveguide since Fabry-Perot fringes are minimal in these regions.
The propagation losses were fitted using the cutback method and linear regression, as
seen in Fig. 2.15(b), and were reported to be 1.0 ± 0.1 dB/mm at λ = 1480 nm for
the TeO2-clad SWG waveguide and 1.5 ± 0.1 dB/mm at λ = 1630 nm for the SiO2-clad
SWG waveguide. We attribute the loss primarily to the scattering in the Si waveguide
structure due to limited resolution of the lithographic process used. The TeO2 coating
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has been shown to have low planar waveguide propagation loss on the order of 0.1
dB/cm [47]. According to waveguide scattering theory [58], loss scales with a factor of
(n2

1 −n2
2)2, where n1 and n2 are the material indices of the waveguide core and cladding,

respectively. Based on this factor, the reduced index contrast of Si-TeO2 compared to
Si-SiO2 is expected to reduce the scattering losses by approximately 40% for equal mode
overlap with the core-cladding interface, which is in good agreement with the observed
loss reduction. The fiber-chip coupling loss was also extracted from these measurements,
with 4.8 ± 0.2 dB/facet at λ = 1480 nm for the TeO2-clad waveguide and 2.5 ± 0.1
dB/facet at λ = 1630 nm for the SiO2-clad waveguide. Higher coupling losses are
expected for the TeO2-clad devices due to the higher modal index of the waveguide at
the chip edge lowering the overlap with the fiber mode.

2.3.2 Design #2: SWG-wire mode transformers

Waveguides for Design #2 were fabricated on an MPW run using the NanoSOI platform
from Applied Nanotools Inc. (ANT) in Edmonton, Alberta, Canada. The wafers have
a 220 nm-thick Si device layer on a 2 µm-thick SiO2 buffer oxide and a 725 µm-thick
Si handle. 100 keV EBL technology and an anisotropic inductively coupled plasma
reactive ion etching (ICP-RIE) process are used to fully etch through the Si layer down
to the buffer oxide and draw fine Si structures with a MFS and spacing of 60 and 70 nm,
respectively. These feature sizes are much lower than those used in Design #1 (i.e., MFS
= 180 nm) and are essential for developing low-loss subwavelength photonic structures
in SOI. Following the primary etching process, the wafer was then diced into chips. A
deep-etch process was used to generate 250 µm-deep trenches around the chip perimeter
to enable fiber-chip edge coupling. Chips in the run did not receive any SiO2 top cladding
from the foundry per our request. Upon receiving the chips, 382 ± 20 nm-thick TeO2

thin films were deposited directly onto the exposed waveguides. A relatively thick layer
of TeO2 is required to increase the mode overlap with the cladding material and reduce
light interaction with the air above the chip. Prism coupling measurements revealed
a TeO2 film background loss of 1.47 and 1.29 dB/cm at 638 and 847 nm wavelengths,
respectively.

Fig. 2.16 illustrates the different photonic circuits used to determine the total loss that
arises from our designed TeO2-coated SWG-wire mode transformer. For consistency, all
circuits shown have a fixed wire waveguide width (w) of 450 nm, an edge coupler length
(LEC) of 50 µm, and an edge coupler tip width of 100 nm. The mode transformers are
as described in Section 2.2.4 (i.e., wSWG = 300 nm, wtip = 100 nm, with the same period
and duty cycle parameters). The circuits shown in Fig. 2.16(a) are analogous to cutback
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Figure 2.16: Circuit schematic for Design #2 (a) mode trans-
former test structures and (b) wire waveguide serpentine cutback
structures. Inset of (a) shows a detailed diagram of back-to-back
mode transformers, which are duplicated across various test struc-
tures to extract the loss of a single mode transformer. Structures
are not drawn to scale.

structures. Each circuit is identical but has a different number of mode transformers.
By taking a linear regression fit of the measured power transmission for each circuit
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in Fig. 2.16(a) over the total number of mode transformers in each circuit, we can
extract the total loss per mode transformer and the associated background loss from the
slope and y-intercept of the fit, respectively. The background loss in this case accounts
for the fiber-chip coupling loss and the propagation loss of the access wire waveguide
section, which is ∼1 cm long for all mode transformer test circuits. The wire waveguide
propagation loss is assessed by performing cutback measurements on the circuits in Fig.
2.16(b). All waveguide bends have a radius (R) of 70 µm and are assumed to have
negligible radiation loss based on waveguide bend calculations from FDE simulations for
our specific geometry.
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Figure 2.17: Measurement results for Design #2 test circuits. (a)
Total measured loss of wire waveguide section in mode transformer
test structures based on the results from serpentine cutback struc-
tures. (b) Measured insertion loss spectra for each mode trans-
former test circuit. Only losses from the mode transformers and
fiber-chip coupling are included in the data. (c) Linear regression
fits of data from b) for specific wavelengths. (d) Loss per mode
transformer extracted from fitting method used in (c) for all mea-
sured wavelengths.

The devices were characterized using the setup described in Section 2.3.1. The cut-
back measurement procedure used for the SWG waveguides from Design #1 was applied
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to the wire waveguide serpentine structures here. These waveguides exhibited a propa-
gation and coupling loss of 7.9 ± 0.4 dB/cm and 3.6 ± 0.44 dB/coupler at a 1550 nm
wavelength, respectively. The coupling loss is slightly higher than the simulated loss of
3.26 dB/coupler (Table 2.2). The small discrepancy may be caused by the propagation
loss over the 50 µm edge coupler length, which was not accounted for in simulation.
The total loss of the wire waveguide section in the mode transformer circuit is obtained
by multiplying its length by the measured propagation loss from the wire serpentines
and is displayed in Fig. 2.17(a) across the measured spectrum. Fig. 2.17(b) shows the
measured transmission spectra of each mode transformer test circuit. Losses from the
optical system off-chip and the wire waveguide interconnectors on-chip (i.e., from Fig.
2.17(a)) are excluded, so only losses related to the mode transformers and the fiber-chip
coupling are reflected in the depicted data. Linear regression fits were performed over
the number of mode transformers included in each circuit for specific wavelengths. These
results are shown in Fig. 2.17(c). The loss per mode transformer is determined from
the slope of the fit, which is 0.12 dB for each analyzed wavelength. The same procedure
is performed over the entire spectrum and the mode transformer loss is depicted in Fig.
2.17(d) for all measured wavelengths. The large drop in transmission for wavelengths
below 1480 nm in Fig. 2.17(b) is assumed to be associated with the photonic bandgap
caused by the grating portion of the mode transformer, so the mode transformer loss
results here are considered unreliable. The large discrepancies near 1530 nm are caused
by the loss measured from the wire waveguides, as seen from the spectra in Fig. 2.17(a).
As a result, the uncertainty for the mode transformer loss in this region is high. Regard-
less, for all wavelengths above 1480 nm, the mode transformer loss is quite consistent
and determined to be 0.12 ± 0.02 dB. The transformer thus provides an efficient way
to transition between TeO2-clad SWG and wire waveguide modes over a broad band
without consuming much real estate on the chip. Various parameters may be adjusted
to alleviate bandgap behaviour and accommodate operation in other spectral ranges of
interest.

2.3.3 Design #3: FB-SWG waveguides

We re-used the NanoSOI platform offered by ANT, described in Section 2.3.2, for the
fabrication of Design #3 to leverage its small feature size specifications, which are neces-
sary for constructing reliable SWG metamaterial waveguide structures. The mask layout
used for Design #3, shown in Fig. 2.18, features various photonic circuits for testing
the performance of TeO2-clad waveguides and mode transformers based on the FB-SWG
topology. These waveguides are more robust than conventional SWGs with the addition
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Figure 2.18: Mask layout for Design #3, which primarily studies
FB-SWG waveguide structures.

of a thin Si support beam that permeates through the gratings and possess a moderate
mode overlap factor with the TeO2 cladding that is greater than that of an equivalent
wire waveguide [59]. By combining the benefits of both wire and SWG waveguides, the
FB-SWG architecture provides an interesting alternative approach to enhancing gain in
waveguide amplifiers. At the time of writing this thesis, this layout was currently under
fabrication. As a result, this section provides greater detail on the mask layout and the
fabricated test structures for this design in lieu of experimental results.

Table 2.4 summarizes the different blocks shown on the mask layout of Fig. 2.18.
The main test structures are the FB-SWG and wire waveguide serpentines (blocks A-
C). These circuits use the cutback method to determine the propagation loss of the
waveguide in question—in this case, two FB-SWG waveguides (Λ = 300 nm, δΛ = 100
nm, wb = 100 nm, and wwg = 300 and 450 nm for block A and B, respectively), and
one wire waveguide (wwg = 450 nm). Each serpentine has four 180° wire waveguide
bends with 70 µm radius, which were used on the serpentine cutbacks from Design #2.
The circuits in block D are bend test structures used to verify any radiation loss related
to these bend structures. The FB-SWG serpentines also feature mode transformers
that provide smooth transitions between the FB-SWG gain sections and wire waveguide
bends. Like block D, the block E and F circuits use back-to-back mode transformers to
determine the propagation loss per mode transformation. These are equivalent to the
mode transformer “cutback” circuits experimentally demonstrated in Section 2.3.2 for
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Table 2.4: Design #3 mask layout details. Block IDs correspond
to Fig. 2.18.

Block Devices Metric Variable Variable
[units] values

A FB-SWG Propagation FB-SWG [0.39, 0.66, 0.93,
serpentines1 loss length [cm] 1.20, 1.47, 1.74]

B FB-SWG ” ” ”serpentines2

C Wire Propagation Wire [0.39, 0.87,
serpentines loss length [cm] 1.36, 1.84]

D Wire Loss per # of [2, 6, 10, 14]bends 180° bend 90° bends

E Mode Loss per # of mode [2, 4, 8, 16, 32]transformers1 transformer transformers

F Mode ” ” ”transformers2

G FB-SWG ring Q factor, Coupling gap [0.2, 0.3, 0.4, 0.5, 0.6
resonators1 potential lasers [µm] 0.7, 0.8, 0.9, 1.0, 1.1]

H FB-SWG ring ” ” ”resonators2

I FB-SWG FB-SWG Signal arm [10, 25, 50, 100,
MZIs group index length [µm] 250, 500, 1000]

J Wire edge Coupling Coupler length Variouscouplers loss / tip width

K FB-SWG Coupling Various Variousstraights loss
1 wwg = 300 nm in Fig. 2.1 diagram.
2 wwg = 450 nm in Fig. 2.1 diagram.

Design #2. The parameters in blocks E and F correspond to the parameters in blocks
A and B, respectively. Ring resonators in blocks G and H have corresponding FB-SWG
geometry to blocks A and B, respectively, and are used to determine the quality (Q)
factor of each waveguide. When coated in a RE-doped TeO2 film, these rings could act
as potential on-chip laser cavities [60]. Block I contains Mach-Zehnder interferometer
(MZI) test structures with a particular wire and FB-SWG geometry in the reference
and signal arms, respectively. Each circuit has a different signal arm length and can be
used to determine the group index of the FB-SWG waveguide [61]. Finally, blocks J
and K contain straight waveguide test structures of both the wire and FB-SWG variety.
The wire waveguides each have different edge coupler parameters, while the FB-SWG
waveguides explore different fishbone shape sizes, which may reveal intriguing properties
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for future designs.

2.4 Conclusion

In conclusion, we have demonstrated a new type of SWG waveguide on an SOI platform
coated with TeO2. A measured propagation loss of 1.0 ± 0.1 dB/mm and fiber-chip
coupling loss of 4.8 ± 0.2 dB/facet were reported for conventional SWG metamaterial
waveguides fabricated on a standard foundry process using 193 nm DUV lithography and
then coated in a 105 nm-thick TeO2 thin film deposited using RF reactive magnetron
sputtering. Following this initial demonstration, a subsequent SOI SWG waveguide
design was proposed, using a thicker TeO2 cladding layer to reduce the propagation
loss. SWG-wire mode transformers based on this new design were fabricated using a
different SOI foundry process based on EBL. The measured devices, coated in a 382
nm-thick TeO2 film, exhibited a 0.12 dB loss over a 50 µm length across the C- and
L-bands, highlighting low loss and broadband mode transformation that can be tuned
to accommodate other waveguide geometries and operate in different spectral windows.
TeO2-clad Si FB-SWG waveguides, with greater structural integrity and potentially
lower propagation loss compared to conventional SWG waveguides, as well as a greater
TeO2 mode overlap factor over trivial wire waveguides, are currently under investigation
and awaiting fabrication. Together, the benefits of both Si SWG waveguides and a high
index cladding, such as TeO2, that can serve as an effective host for active elements, such
as Er3+, opens new avenues for development of compact on-chip light-emitting devices
in SOI PICs.
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Chapter 3

A moderate confinement 1.3 and
1.5 µm silicon nitride platform
enabled by a rapid prototyping
integrated photonics foundry
process

This chapter outlines an integrated photonics foundry process for rapid prototyping sili-
con nitride (SiN) waveguides designed for operation in the second and third telecommuni-
cation windows (1.31 and 1.55 µm wavelengths, respectively). SiN is a desirable material
for silicon photonics (SiP) applications due to its compatibility with complementary-
metal-oxide-semiconductor (CMOS) fabrication technologies and various benefits over
silicon (Si), including low scattering and polarization-dependent loss, greater tolerance
to fabrication error, optical transparency through the visible (VIS) spectrum, and negli-
gible two photon absorption (TPA) at telecom wavelengths. Many integrated photonics
foundries have already incorporated SiN material into their product lines, whether as the
primary waveguide layer or as an additional medium to boost functionality and applica-
bility in their current high-performance photonic integrated circuits (PICs). However,
many of these SiN waveguides and their processes are developed to accommodate spe-
cific applications with definitive metrics, which introduces some restrictions on their use.
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Furthermore, most industrial fabs offering these products and services produce chips at
relatively high volumes, which results in a high price point and design/fabrication cycles
that span many months. This is deterring for novice designers, academic researchers
and start-up companies with low budgets and tight timelines hoping to explore and
experiment with SiN PICs in their own scientific and research and development work.

Here, we present our progress on the moderate confinement SiN platform developed
with the integrated photonics foundry Applied Nanotools Inc. (ANT). The waveguides,
grown via low pressure chemical vapour deposition (LPCVD), feature a moderate thick-
ness of 400 nm, which enables single mode operation and design flexibility over various
wavelength ranges for different applications. Direct-write electron beam lithography
(EBL) is used to pattern the SiN layer and generate waveguide feature sizes down to
∼100 nm, which are essential for fabricating metamaterial structures. The measured SiN
waveguide loss is between 0.6-1.3 dB/cm for the O-band and between 0.4-1.8 dB/cm
across the S-, C- and L-bands for both transverse electric (TE) and transverse mag-
netic (TM) polarizations, which is comparable to many other moderate confinement SiN
waveguide platforms. Important integrated photonics components are also reported for
wavelengths near 1.31 µm and 1.55 µm, including fiber-chip couplers, multimode inter-
ference (MMI)-based power splitters, and ring resonators. These building blocks were
developed over four designs and fabrication verification runs and have been compiled into
a process design kit (PDK), which is commercially available directly through the foundry
or through multi-project wafer (MPW) aggregate services such as CMC Microsystems.
The foundry performs five MPW runs a year with turnaround times of around 8 weeks,
providing a quick, low-cost method for fabricating SiN chips with passive and thermo-
optic active photonics devices. As the SiN photonics ecosystem continues to grow and
new applications emerge daily, this rapid prototyping service provides a convenient sys-
tem to access SiN PIC technology that is necessary for encouraging its exploration and
advancing the field of integrated photonics.

The contents of this chapter represent a manuscript in preparation by the authors.
This work has been included in the thesis to highlight the initial and ongoing devel-
opment of the integrated photonics platform that forms the underlying foundation of
the SiN-based subwavelength grating (SWG) metamaterial waveguide devices discussed
in the subsequent chapters. Section 3.1 introduces the motivation for exploring SiN as
a photonic material and provides a comprehensive background on the global effort in
SiN photonics research and infrastructure. Section 3.2 presents details of the SiN film
and waveguide fabrication, and highlights additional post-processing options available
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to platform users. Section 3.3 shares the design process and characterization results
for various integrated photonic components, all of which are included in the platform
PDK. The results are thoroughly examined for each reported component. Section 3.4
discusses how ANT’s SiN platform fits into the current SiN photonics ecosystem and
suggests areas for further development of the platform. Finally, Section 3.5 summarizes
the platform’s key features and reported metrics, and concludes with remarks of its
goals towards supporting research and development in SiN PICs and its expanding pool
of applications.

Abstract

We describe a rapid prototyping process for SiN PICs operating at wavelengths around
1.3 and 1.5 µm. Moderate confinement SiN waveguides and other essential integrated
photonic components, such as fiber-chip couplers, MMI-based 3-dB power splitters, mi-
croring resonators, and SWG metamaterial waveguides, were fabricated and character-
ized and are reported. The prototyping platform features a 400-nm-thick layer of SiN
grown via LPCVD and uses direct-write EBL to define single mode waveguide structures
that exhibit losses of <1.3 dB/cm across the O-band and <1.8 dB/cm across the S-, C-
and L-bands for both TE and TM polarizations. The platform is commercially available
through the NanoSOI Design Center operated by ANT with five MPW runs per year
that have fast turnaround times on the scale of weeks rather than months. This provides
a route toward the rapid fabrication of SiN chip-based passive and thermo-optic active
photonic devices with critical resolution down to 100 nm, making it an attractive solu-
tion for entry-level designers, device innovators and small companies on tight budgets
looking to incorporate integrated SiN circuits into early-stage applications of SiP.

3.1 Introduction

SiP is a disruptive technology that leverages mature microelectronics manufacturing
processes for the fabrication of compact, scalable, economic, and high-performance PICs
[1; 2]. It has already revolutionized the datacom industry by transforming the optical
transceiver market and is being explored in many other application areas such as sensing,
quantum photonics, programmable photonics, augmented reality, artificial intelligence,
and light detection and ranging (LiDAR) [3]. As a result, many CMOS fabrication
facilities have adopted fabless/foundry models for SiP by developing high-performance
integrated optical circuits and components and compiling them into a PDK, which is
then offered for use to customers on MPW fabrication runs [4; 5]. This model provides

84

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/engphys/


Ph.D. Thesis–Cameron M. Naraine; McMaster University–Engineering Physics

open access of well-established fabrication technologies to small research groups and
commercial enterprises for a relatively low cost [6]. While SiP has proven successful in
optical telecommunications in the near-infrared (NIR) spectrum, Si has many material
limitations that hinder its performance for other application areas, including optical
absorption at wavelengths below 1.1 µm (biomedical sensing, spectroscopy), strong TPA
below wavelengths of 2.2 µm (nonlinear processes, quantum photonics), and an indirect
bandgap (optical amplification) [6; 7]. Solutions to overcome these challenges include
the integration of other CMOS-compatible materials with Si, or the replacement of Si
altogether with other material systems.

SiN is a CMOS-compatible material which is complementary to Si and has been
demonstrated as a versatile alternative for developing PICs with high integration den-
sity and compact footprints [7; 8; 9]. SiN’s refractive index contrast versus silicon dioxide
(SiO2) is moderate (∆nSiN ≈ 0.5 @ λ = 1550 nm) and is much lower than Si (∆nSi ≈ 2
@ λ = 1550 nm). This provides higher tolerance to fabrication variance as well as sig-
nificant reduction in waveguide losses caused by sidewall scattering and birefringence
effects [9]. Unlike Si, SiN is transparent across the VIS and NIR spectra, making it a
prime candidate for sensing and spectroscopy applications [10]. Furthermore, while its
Kerr nonlinear coefficient is smaller than Si, TPA in the NIR spectrum is negligible in
SiN due to its large bandgap. This, along with a moderately high third order nonlin-
ear susceptibility relative to other dielectric materials [11], makes SiN an overall more
desirable material for developing integrated optical devices for nonlinear processes such
as frequency comb generation, four-wave mixing (FWM) and supercontinuum genera-
tion (SCG) [7; 12]. These advantages have surged research interest in and led to many
demonstrations of SiN-based integrated photonic devices [13], thus encouraging many
foundries to incorporate SiN into their product line or completely build a foundation
upon it over recent decades [14], including AIM Photonics [15], AMF [16], CEA-LETI
[17], CORNERSTONE [18], IMB-CNM [19; 20], IMEC [21], LIGENTEC [22; 23; 24; 25],
and LioniX International [26; 27]. Each of these institutions provide open access to their
SiN technology to interested designers through MPW runs that are supplied with a
complimentary PDK [6; 14].

With such a wide array of applications and corresponding operational wavelengths
for SiN PICs, there exists a great variance in SiN thickness across the network of SiP
foundries [28]. As a result, SiN waveguide platforms are typically categorized in terms
of their modal confinement [19]. Low confinement waveguides feature a very thin SiN
film (thickness, tSiN < ∼150 nm) surrounded by very thick SiO2 cladding layers (> 6 µm
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each). A high-aspect-ratio SiN strip waveguide (width:thickness > 10:1) guides the light
through the surrounding SiO2 with minimal sidewall interaction, enabling ultra-low-loss
performance below 0.1 dB/m in the NIR wavelength range [29; 30; 31]. The downsides of
these waveguides are the extreme polarization dependence and the large device footprint
(e.g., bend radius R > 0.5 mm) required for maintaining guidance of the loosely confined
mode, making compact circuit design difficult. Well-established foundry accessible low
confinement waveguides include the single stripe TriPleX waveguides offered by LioniX
International [26; 27]. On the other end, high confinement waveguides use thicker SiN
films (tSiN > 400 nm) to contain the waveguide mode within the high index SiN core.
This significantly reduces device footprint and propagation loss by alleviating modal in-
teraction with the SiN waveguide boundaries [32]. Furthermore, the high mode overlap
with the waveguide core also provides greater flexibility in tailoring the waveguide dis-
persion, which is essential for exploiting nonlinear optical processes in the SiN material
[33]. However, fabrication of high confinement waveguides is difficult since SiN films
with tSiN > 400 nm can suffer from large tensile stress during deposition, resulting in
film cracking which limits optical quality and device yield [32]. Many methods for con-
structing thick, high-quality SiN films have been proposed and demonstrated, including
isolation trench inscription [32], thermal cycling [33; 34], stress engineering with Si-rich
films [35], reactive sputtering [36], and additive patterning processes, such as trench-
defined waveguides formed by substrate prepatterning [37] and the photonic Damascene
process [22; 23; 24]. Moderate confinement waveguides occupy the middle ground with
SiN film thicknesses between approximately 150 and 400 nm. Waveguides with these
film heights are highly versatile since they can be tuned to support single mode operation
for various polarization states across a wide spectral range from the VIS [21] through
the NIR [38; 39]. Single mode moderate confinement waveguides have reasonable inte-
gration density with bend radii under 500 µm for most wavelengths [19]. Furthermore,
SiN film layers in this range are grown in a single large wafer-scale deposition step and
patterned using standard subtractive etching processes. This avoids complex fabrica-
tion methods required for thicker SiN films and provides flexibility in the fabrication
process dependent on the desired application. All these benefits have made moderate
confinement SiN waveguides a very appealing option for multilayer integration of SiN
with other CMOS foundry platforms to enable 3D PICs with enhanced functionalities
[11; 17; 40; 41]. Though best shown in thick SiN waveguides, nonlinear optical processes
such as SCG have been demonstrated in moderate confinement SiN waveguides that fea-
tured a partial underetch of the SiO2 substrate [42] and hybrid integration with highly
nonlinear glass materials [43; 44]. However, all these advantages come at the expense of
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increased propagation loss compared to the other SiN waveguide classifications [19]. The
reduced mode confinement, compared to high confinement waveguides, induces greater
interaction with the waveguide sidewalls and correspondingly higher losses, which are
also much more prominent when compared with low confinement waveguides. Never-
theless, with their broad practicality, moderate confinement SiN waveguides provide a
highly versatile starting point for designers looking to incorporate SiN waveguides in
their application spaces.

In this paper, we present the most recent developments and findings of the moderate
confinement SiN platform offered by integrated photonics foundry ANT [45]. The main
platform is composed of 400-nm-thick SiN waveguides grown via LPCVD and patterned
using direct-write EBL technology. These waveguides feature NIR losses that are com-
petitive with other commercially available moderate confinement SiN foundry platforms.
Importantly, the rapid prototyping process enables affordable, low-volume production
of PICs with short turnaround times (< 2 months) that are desirable for entry-level
designers, university-level researchers, and companies with tight time budgets looking
to explore SiN-based solutions for early-stage applications of SiP [6; 46]. We report
on essential components for SiN PICs, including fiber-chip couplers, MMI-based power
splitters, ring resonators, and SWG metamaterial waveguide structures, which have been
developed and tested on the platform and are available in an open-source PDK. Future
insights into the evolution of this platform are also discussed, including the develop-
ment of thinner SiN films for VIS light applications. With five MPW runs occurring
every year, this rapid prototyping service provides easy and consistent access to SiN
PIC technology that uses standard features sizes and material properties for potential
product scaling to larger industrial fabs, as well as a low barrier to entry in research
and development that will stimulate the advancement of high performance integrated
photonic devices based in SiN.

3.2 Fabrication

3.2.1 Waveguide fabrication and material properties

The basis for our SiN waveguides is a LPCVD thin film. The SiN film is deposited
on a 4-inch Si wafer with a 4.5 µm-thick layer of SiO2 grown with thermal oxidation.
The thermal oxide wafers are purchased from WaferPro. The LPCVD recipe is tuned
specifically to reduce propagation loss in the C-band and to mitigate stress in the film.
To ensure that the SiN is suitable for waveguides, the refractive index n was measured
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using ellipsometry (J.A. Woollam VASE), and the loss of the planar film for the fun-
damental TE polarized mode was measured using a prism coupling system (Metricon
Model 2010/M). Measurements were performed over four LPCVD deposition runs, and
the results are shown in Fig. 3.1. The error bars indicate the standard deviation of the
measurements. At 1550 nm wavelength, the refractive index is 1.997 ± 0.002 and the
slab loss is 0.42 ± 0.24 dB/cm.
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Figure 3.1: (a) Measured refractive index of SiN films with re-
spect to wavelength. Inset shows zoomed-in S-, C-, and L-band
regions with error bars reflecting data collected over four fabrica-
tion runs. (b) Measured SiN film loss with respect to wavelength
across the S-, C- and L-bands. Inset shows measured loss for VIS
and additional NIR wavelengths and red-light streak propagating
across a planar SiN film sample during characterization.

We apply a hard mask based on hydrogen silsesquioxane (HSQ) resist to the top
surface of the wafer and pattern and develop it using 100 keV EBL technology and a
tetramethylammonium hydroxide (TMAH)-based etchant, respectively. The pattern is
then transferred into the SiN film using a reactive ion etching (RIE) process based on a
trifluoromethane/oxygen (CHF3/O2) chemistry, after which we remove the hard mask
with an acidic wet etchant.

3.2.2 Post-processing options

Additional layers can be processed once the SiN waveguide layer has been completed.
A 3-µm-thick SiO2 cladding grown by plasma enhanced chemical vapour deposition
(PECVD) can be added onto the chips to protect the waveguides and reduce the index
contrast around the waveguide. The thick cladding also serves to isolate the waveguides
from metallic micro-heaters that can be patterned near the waveguides for thermo-
optic control. For this micro-heater process, a 200 nm-thick titanium-tungsten (TiW)
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alloy is deposited and patterned. Electrical bond pads and traces made of 500 nm-thick
aluminum are then patterned and etched afterward. To protect the heaters from damage
due to oxidation, a 300 nm-thick SiO2 passivation layer is deposited across the entire
wafer, and bond pad openings are etched through the SiO2 and down to the aluminum.
Although the thermo-optic effect is weaker in SiN compared to Si [9; 47], thermal tuning
is still widely applicable in SiN PICs.

Edge couplers are important in many applications to couple light in and out of PICs
with wide bandwidth and low insertion loss [48]. To fabricate edge couplers, the oxide
cladding (if present) and buried oxide (BOX) are etched using an RIE process. The SiN
waveguides are etched in the same step, and the etch is designed to create a smooth
facet for edge coupling. Subsequently, the Si handle is etched to a depth of 250 µm using
a deep RIE process. This depth is sufficient for lensed fibers (LFs) or fiber arrays to be
placed near the waveguides to facilitate the lowest insertion loss possible.

Another process option available for our SiN waveguide platform is window openings
to the SiN through the SiO2 top cladding. A hard mask is applied, the windows are
etched down to the BOX to expose the SiN waveguides, and then the hard mask is
removed. This is useful in sensor applications where the waveguides are selectively
directly exposed to an analyte [49].

3.3 SiN PDK components

This section highlights the performance of the various SiN integrated photonic compo-
nents included in the PDK available from ANT. We report on fundamental building
blocks for PICs, such as strip waveguides, fiber-chip grating and edge couplers, 3 dB
power splitters based on the MMI topology, and all-pass microring resonators. The sub-
sequent subsections will describe the application, design process, fabrication details and
measurement results for each respective component included in the PDK.

3.3.1 Waveguides

Optical waveguides are the most common structures in PICs as they are responsible for
guiding light throughout the chip. The two most common waveguide configurations in
SiP are strip (fully etched) and rib (partially etched) waveguides. For our SiN circuits,
we developed strip waveguides only, since rib waveguides require multiple fabrication
etch steps, which is a feature not yet available on our platform.
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Figure 3.2: Simulated mode effective index of 400-nm-thick SiN
strip waveguides with air top cladding at wavelengths of (a) 1310
nm and (b) 1550 nm, and with SiO2 top cladding at wavelengths
of (c) 1310 nm and (d) 1550 nm across various waveguide widths.
Insets show fundamental TE (left) and TM (right) mode profiles
for designed single mode waveguides, which are marked by yellow
and green stars, respectively.

We studied the modal properties of our SiN strip waveguides by employing the finite
difference eigenmode (FDE) solver from Ansys Lumerical. Fig. 3.2 shows the calculated
mode effective indices (neff) of our 400-nm-thick SiN strip waveguides as a function
of waveguide width. The waveguides are simulated at standard telecom wavelengths
of 1310 and 1550 nm with two different top claddings: air, and 3-µm thick PECVD
SiO2 (refractive index n ∼ 1.47 @ λ = 1550 nm). The slab mode effective index in
each waveguide configuration is calculated as the effective index with no SiN waveguide
present in the simulation. Modes are only supported by the waveguide when their
neff is greater than the slab mode effective index. As the waveguide width increases,
the structure begins to support additional modes as their effective indices surpass the
slab mode effective index threshold. We quantify the single mode cutoff (SMC) as the
maximum waveguide width in which only the fundamental TE (TE0) and TM (TM0)
modes are guided. These results are highlighted in Table 3.1, along with the selected
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waveguide widths we used for our designs and fabricated test structures, which function
as single mode waveguides below the SMC widths.

Waveguide bends are necessary for directing light within photonic devices and around
the chip but can introduce additional loss from increased interaction with sidewall rough-
ness and bend mode radiation. The former cause is primarily dictated by the fabrication
process and may be accentuated by the fracturing writing methodology adopted by EBL
[50]. Therefore, it is difficult to optimize in the design phase. However, the latter can
be alleviated by selecting a bend radius that is large enough to minimize radiation loss,
yet small enough to maintain compactness. The bent waveguide option in the FDE
solver was used to assess the waveguide bends for the selected designs in each of our SiN
waveguide arrangements. A perfectly matched layer (PML) boundary layer was applied
on the outer edge of the bend to absorb light leaking from the waveguide bend. The
bend radius was then swept from high to low until it was too tight to guide the bend
mode, which becomes completely absorbed by the PML boundary due to excessive bend
radiation loss. We define the minimum bend radius of our waveguides as the smallest
bend radius that supports the fundamental mode with < 0.01 dB/cm bend loss, which
is based on the simulated real and imaginary effective indices. These results are also
summarized in Table 3.1 for both the TE0 and TM0 modes.

Table 3.1: Calculated SMC width for SiN waveguides.

Top cladding Air Air SiO2 SiO2
Wavelength (µm) 1.31 1.55 1.31 1.55
SMC width (µm) 1.14 1.47 0.83 1.07

Selected waveguide width (µm) 1.1 1.4 0.75 1.0
Minimum bend radius, TE0 (µm) 100 110 110 120
Minimum bend radius, TM0 (µm) 190 350 150 190

We characterized the fabricated SiN waveguides using a fiber-to-fiber edge coupled
setup consisting of a tunable laser, photodetector, a 3-paddle polarization controller
(for dictating the polarization of the light in the fiber prior to entering the chip), and
1550 nm LFs with a 2.5 µm spot size to reduce fiber-chip coupling losses. We used the
cutback method to determine the propagation loss of SiO2-clad waveguides fabricated
with varying lengths in an Archimedean spiral topology. The waveguide widths for the
1310 and 1550 nm wavelength spirals match the selected waveguide widths listed in Table
3.1 (i.e., 0.75 and 1 µm, respectively) so that the waveguides are single mode in their
given spectral windows. The smallest bend radius in each spiral is 250 µm, which is well
above the calculated minimum bend radii in Table 3.1 for all waveguide configurations,

91

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/engphys/


Ph.D. Thesis–Cameron M. Naraine; McMaster University–Engineering Physics

1260 1310 1360

Wavelength (nm)

0.0

0.5

1.0

1.5

2.0

P
ro

p
a
g
a
ti

o
n

 l
o
ss

 (
d

B
/c

m
) TE

TM

1450 1500 1550 1600 1650

Wavelength (nm)

0.0

0.5

1.0

1.5

2.0

P
ro

p
a
g
a
ti

o
n

 l
o
ss

 (
d

B
/c

m
) TE

TM

Waveguide length (cm)

-8

-6

-4

-2

0

0 1 2 3 4 5

In
se

rt
io

n
 l

o
ss

 (
d

B
)

1310 TE

0.83 dB/cm 0.62 dB/cm

1.02 dB/cm

0.74 dB/cm

1310 TM

1550 TE

1550 TM

d)c)

b)a)

1 mm

Figure 3.3: (a) Optical microscope images of fabricated SiN
Archimedean spiral waveguide cutback structures, coated in a 3-
µm-thick PECVD SiO2 cladding. (b) Measured insertion loss of
spiral waveguides with respect to waveguide length and linear re-
gression fits of data for 1310 and 1550 nm wavelengths under TE
and TM polarization. Calculated propagation loss using linear re-
gression fitting across wavelengths measured in the (c) O-band and
(d) S-, C- and L-bands.

so we assume bend radiation loss to be negligible. Fig. 3.3 shows the measurement
results for these waveguides. Linear regression fits of the measured insertion loss data
shown in Fig. 3.3(b) reveal TE and TM propagation losses of 0.83 ± 0.06 and 0.62 ± 0.07
dB/cm, respectively, at 1310 nm wavelength, and 1.02 ± 0.08 and 0.74 ± 0.07 dB/cm,
respectively, at 1550 nm wavelength. Similar fits were also applied across all wavelengths
within the spectral window of both tunable laser sources (Keysight Technologies N7778C,
options 113 and 216) and plotted in Fig. 3.3(c, d). The loss significantly increases near
1520 nm, which is attributed to absorption caused by vibrational overtones of N-H and
Si-H bonds in the SiN film leftover from the deposition process [51]. While prominent
in the as-deposited LPCVD SiN film, waveguides fabricated using PECVD typically
exhibit much higher losses because of their lower deposition temperature that is less
capable of driving out these parasitic impurities [11; 39]. The waveguide loss for TM
polarization is considerably lower than the TE polarization waveguide loss within this
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absorption window. We attribute this to the smaller TM modal confinement in the SiN
waveguide core (34% for TM vs. 59% for TE) reducing the effect of absorption from
the hydrogen contaminants. There is also less modal interaction with the waveguide
sidewalls for TM modes (e.g., see insets of Fig. 3.2(d)), so the TM loss is notably
lower than the TE loss across all measured wavelengths. Finally, we observe that the
propagation loss of the two individual polarizations converge around 0.5 dB/cm near
1650 nm wavelength. This insinuates strong polarization independence can be achieved
in our moderate confinement waveguides when designed accordingly.

3.3.2 Fiber-chip couplers

Optical couplers are critical components that connect waveguides on the chip to macro-
scopic optical devices, such as external laser sources and detectors, via an optical fiber.
The two most common types of fiber-chip couplers are grating couplers and edge cou-
plers. Grating couplers use periodic grating structures in the core material and the
concept of diffraction to direct light from a vertically angled fiber above the chip into
the waveguides along the horizontal plane. Generally, these couplers have a good fiber
misalignment tolerance and do not require additional complex fabrication steps (though
some exceptions are made for enhancing the coupling efficiency and directionality, includ-
ing multi-step etching of the device layer [52], bottom reflector fabrication via backside
substrate engineering [53], and dual-level material configurations [54]). However, grat-
ing couplers suffer from various drawbacks, including increased design complexity, large
device footprint, smaller bandwidth, and higher loss. Edge couplers interact with the
optical fiber at the side (or edge) of the chip. Since they are essentially just extensions
of the waveguide, their design is quite simple. The most common edge coupler design
is a linear inverse nanotaper from the waveguide to the chip facet [48]. They also offer
greater bandwidth than grating couplers. However, edge couplers have inherently greater
fabrication complexity, as they require precise deep trench etching around the chip edge
that provides optical fibers direct access to the coupler. We designed and fabricated
both surface grating couplers and waveguide edge couplers using our SiN platform. The
reported results correspond to the standard devices now available in ANT’s SIN PDK.

3.3.2.1 Grating couplers

The designed surface grating coupler has the same operating principle as the single/full
etch Si grating couplers available in the open-source SiEPIC-EBeam-PDK [46; 55]. The
couplers are designed for a center wavelength near 1550 nm and for use with SiO2

cladding at an input angle of +8° from the incident normal. Our initial design reported
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Figure 3.4: (a) Sideview cross section of simulated SiO2-clad SiN
grating coupler in Ansys Lumerical FDTD software. 2D FDTD
simulated (b) 1550 nm wavelength TE mode profile and (c) output
transmission spectrum for grating coupler. (d) Measured C-band
transmission spectrum for the fabricated SiN TE grating coupler.
Inset shows SEM image of fabricated fiber-chip SiN grating coupler.

here operates under TE polarization only. Future designs will aim to incorporate both
TM polarization only and polarization-independent operation. We used analytic equa-
tions commonly used in grating coupler design [56] to approximate essential grating
coupler parameters, such as grating period, duty cycle, and grating length. The finite-
difference-time-domain (FDTD) solver from Ansys Lumerical was employed to optimize
the parameters. The simulation features a TE-polarized single mode fiber (SMF) input
source above the grating coupler at an angle of +8° from the incident normal and an
output waveguide at the end of the grating coupler, where a power monitor is placed
to detect the intensity of the light reaching the waveguide. Fig. 3.4(a-c) highlight the
simulation setup, side mode profile, and spectral transmission results of a SiN grating
coupler with 1.18 µm grating period, 0.5 duty cycle, and 30 µm grating length. The peak
power detected at the output waveguide corresponds to a coupling efficiency of -5.85 dB
at a center wavelength of 1550 nm. The 1-dB bandwidth is determined to be ∼90 nm,
which far exceeds the C-band.
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We fabricated grating couplers with SiO2 cladding and measured them on a sepa-
rate setup consisting of a tunable C-band laser source, a 1×4 vertical fiber array with
identical SMF-28 fibers at a pitch of 250 µm, and an indium gallium arsenide (InGaAs)
photodetector. The laser source has a step size of 1 nm. We adjusted the fiber array
to an input angle of +8° to the incident normal of the chip surface. Fig. 3.4(d) dis-
plays the measurement results. The grating coupler exhibits a peak coupling loss of 11.7
dB/coupler at a center wavelength of 1548 nm. The 1-dB bandwidth is 25 nm and nearly
covers the entire C-band.

3.3.2.2 Edge couplers

Table 3.2: Calculated peak coupling efficiencies for designed SiN
edge couplers.

Wavelength Fiber MFD Pol. Tip width CE
(µm) (µm) (nm) (dB)
1.31 2.2 TE 250 -0.32
1.31 2.2 TM 205 -0.34
1.55 2.5 TE 330 -0.29
1.55 2.5 TM 305 -0.29
1.31 9.2 TE 140 -2.32
1.31 9.2 TM 100 -2.29
1.55 10.4 TE 175 -2.36
1.55 10.4 TM 100 -2.11

We designed waveguide edge couplers that are linearly and inversely tapered over a
given length until the edge of the chip is reached. With a suitable coupler length, the
main source of coupling loss arises from mode mismatch between the fiber and waveguide
at the coupler tip. We used the same simulation procedure for the waveguides to calculate
the mode profiles of various edge coupler tip widths. The modes were then compared to
desired fiber mode profiles using a modal overlap calculation with the built-in overlap
analysis tool in the FDE solver. The fiber mode was approximated as a Gaussian mode
profile with a beam waist radius equivalent to half the fiber mode field diameter (MFD,
i.e., width of the 1/e2 field intensity profile). MFDs of 2.2, 2.5, 9.2 and 10.4 µm were
used to represent the mode profiles of a tapered LF at 1310 and 1550 nm wavelengths
and a SMF at 1310 and 1550 nm wavelengths, respectively. Table 3.2 summarizes the
best of the simulated SiO2-clad SiN edge couplers. The coupling efficiency (CE) is the
log scale value of the normalized mode overlap between the fiber and waveguide modes
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Figure 3.5: Simulated and measured coupling loss of SiO2-clad
SiN inverse nanotaper edge couplers with various tip widths. The
couplers are measured for both TE and TM polarizations using LFs
at (a) 1310 and (b) 1550 nm wavelength, and SMFs at (c) 1310 and
(d) 1550 nm wavelength without and with IMF (n = 1.46).

calculated by the FDE solver. The lowest simulated tip width was 100 nm due to the
minimum feature size (MFS) of the platform.

We fabricated edge coupler test structures consisting of 0.75-µm-wide straight waveg-
uides and 100-µm-long inverse taper edge couplers with varying tip widths. The same
experimental setup described in Section 3.3.1 was used to measure the coupling loss of
our edge couplers with tapered LFs (OZ optics DTS0080) and SMFs (ThorLabs SMF-
28-J9). Fig. 3.5 shows the measurement results compared with the calculated mode-
mismatch loss. The optimized edge couplers are summarized in Table 3.3. In each
case, the experimental data matches the simulation trend well. Discrepancies between
the best simulated and measured edge coupler tip width (i.e., where peak coupling ef-
ficiency is achieved) may occur because of the angled sidewall in the fabricated devices
not considered in the simulation. The LF data displays a vertical difference of only <
0.3 dB/coupler for experiment versus simulation in all cases. However, there is a greater
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Table 3.3: Best measured polarization-independent SiN
edge couplers.

Wavelength Fiber type Tip width Pol. CE sim. CE exp.
(µm) (nm) (dB/coupler) (dB/coupler)

1.31 LF 230 TE -0.37 -0.54
TM -0.39 -0.53

1.55 LF 350 TE -0.32 -0.52
TM -0.35 -0.60

1.31 SMF 120 TE -2.38 -3.15
TM -2.54 -3.73

1.55 SMF 150 TE -2.40 -3.61
TM -2.41 -4.38

1.55 SMF* 150 TE N/A -2.80
TM N/A -3.79

* IMF applied.

difference for SMF, with the smallest power variation being ∼0.8 and ∼1.2 dB/coupler
for 1310 and 1550 nm wavelengths, respectively. To minimize additional experimental
loss due to reflections at interfaces, we applied index matching fluid (IMF) with a re-
fractive index of 1.46 directly onto both input and output fiber-chip coupling interfaces.
For 1550 nm wavelength, the loss was improved by ∼0.8 and ∼0.6 dB/coupler for TE
and TM polarization, respectively. No measurable coupling loss reduction was observed
for 1310 nm wavelength, so no IMF results are shown.

3.3.3 MMI-based 3 dB power splitter

Optical splitters and combiners are fundamental components in PICs and have been
demonstrated in various forms, such as directional couplers (DCs), Y-splitters, Mach-
Zehnder interferometers (MZIs), and MMI couplers. Among these, DCs are relatively
more sensitive to fabrication tolerance, while Y-splitters and MZIs suffer from high
insertion loss and large footprint, respectively, making them less desirable for low-loss
highly compact devices. MMI couplers, on the other hand, are compact, low loss, and
are much more robust with regards to fabrication tolerance and error [57; 58]. We
designed 1×2 symmetric and 2×2 paired MMI-based power splitters using the finite
element method (FEM) solver in Synopsys RSoft. Multimode waveguides with various
widths were simulated. According to the self-imaging principle [59], the beat length is
calculated such that:

Lπ = π

β0 − β1
= λ

2(neff,0 − neff,1) , (3.1)
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Figure 3.6: Simulated MMI length (LMMI) as a function of MMI
width (WMMI) for 1×2 and 2×2 SiO2-clad SiN MMI couplers at
1550 nm wavelength. The inset shows mask layout schematics of
2×2 (top) and 1×2 (bottom) MMI couplers with the selected pa-
rameters of WMMI = 5 µm and LMMI = 20.4 µm for the 2×2 coupler
and WMMI = 3.9 µm and LMMI = 10 µm for the 1×2 coupler (indi-
cated by the stars). (b) Measured excess loss (EL) and imbalance
(IMB) of a symmetric 1×2 SiO2-clad MMI power splitter. The
insets show the corresponding transmission spectra for two output
ports and reference waveguide devices, as well as an SEM image of
a fabricated 1×2 MMI power splitter.

where β0 and β1 are the propagation constants and neff,0 and neff,1 are the calculated
effective refractive indices of the two lowest order modes, respectively. The MMI length
can then be determined as LMMI = (3Lπ)/8 for a 1×2 MMI splitter and LMMI = Lπ/2
for a 2×2 MMI splitter based on the respective interference mechanisms [59; 60; 61].
Fig. 3.6(a) shows the results of the FEM simulations for a SiN MMI splitter at 1550 nm
wavelength. We fabricated various MMI power splitters across multiple fabrication runs.
Fig. 3.6(b) shows the S-, C- and L-band measurement results for a 1×2 MMI splitter
with a width of 3.9 µm and length of 10 µm. The excess loss (EL) and imbalance (IMB)
are defined as:

EL = 10 log10

(
P1 + P2

Pref

)
, (3.2)

IMB = 10 log10

(
P1
P2

)
, (3.3)

where Pref is the measured power transmission from a straight SiN waveguide reference
device, and P1 and P2 are the measured power transmission from the two MMI output
ports, all in units of mW [62]. A Savitzky-Golay finite impulse response smoothing filter
with a polynomial order of 2 and frame length of 500 was applied to the data to reduce
Fabry-Perot fringes arising from facet reflections. The MMI power splitter exhibits an
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excess loss of 1.22 ± 0.16 dB and a power imbalance of 0.04 ± 0.40 dB across the C-band.
These metrics can be improved by carefully optimizing the tapers and sine bends joining
the MMI coupler to the access waveguides [62].

3.3.4 All-pass, point-coupled microring resonators

Ring resonators are essential building blocks in integrated photonic circuits with a wide
range of applications, including filtering, switching, optical delay lines, sensing, modu-
lation, and lasing [63]. An all-pass ring resonator consists of the ring (i.e., a circular
optical waveguide looped in on itself) and a single bus waveguide placed near one side
of the ring, which enables light coupling to the ring. Two fundamental metrics used to
evaluate the performance of ring resonators are the finesse (F ) and the quality factor
(Q), which are defined as:

F = FSR

FWHM
= λ2

0
FWHM · ng · 2πR

. (3.4)

Q = λ0
FWHM

. (3.5)

where FSR is the free spectral range, FWHM is the resonance width (or “full width
at half maximum”), λ0 is the resonance wavelength, ng is the group index, and R is the
ring radius. These equations relate to the storage of optical energy within the resonator.
More specifically, the finesse represents the number of roundtrips made by light in the
ring before its energy is reduced to 1/e of its initial value, and the quality factor (or
simply, Q) represents the number of oscillations of the field before the circulating energy
is depleted to 1/e of the initial energy [63]. The quality factor can be defined as unloaded
or loaded depending on the arrangement of the resonator. The unloaded Q of a resonator
is the quality factor when there are no external coupling mechanisms present. Losses
in such a resonator are only affected by the properties of the resonator itself, including
absorption and scattering that occur as the light circulates. This component is also
referred to as the intrinsic Q (Qi) and is useful for describing the propagation loss of
a resonator. The loaded Q (QL) of a resonator is the quality factor in which external
coupling mechanisms are present and considered. Losses caused by coupling between
the resonator and an external waveguide are represented by the extrinsic Q (Qe). The
loaded Q is calculated such that:

1
QL

= 1
Qi

+ 1
Qe

. (3.6)

99

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/engphys/


Ph.D. Thesis–Cameron M. Naraine; McMaster University–Engineering Physics

By this definition, the loaded Q is always smaller than the unloaded Q [63]. When the
power coupling to the bus waveguide is equal to the power loss in the resonator (i.e.,
Qi = Qe = 2QL), the ring is considered critically coupled. The transmission at the
resonance wavelength drops to zero and the extinction ratio (ER) is maximized. We will
use loaded Q to define the Q-factor in our all-pass ring resonators, since the adjacent
bus waveguide acts as an external coupling component that introduces additional losses
to the cavity.
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Figure 3.7: Experimental results for SiO2-clad SiN all-pass mi-
croring resonators designed for 1310 nm wavelength under (a) TE
and (b) TM polarization, and 1550 nm wavelength under (c) TE
and (d) TM polarization. Each configuration shows the measured
insertion loss spectra (left) and the fitted resonance peaks near the
target wavelengths (right) for microring resonators with various
coupling gaps highlighting overcoupled (black), critically coupled
(red), and undercoupled (blue) resonance behaviours.

For our component library, we designed point-coupled ring resonators in an all-pass
configuration. The circuit design features a ring placed adjacent to a single mode bus
waveguide that connects to opposing sides of the chip for fiber interfacing. The nearest
distance between the ring and bus waveguide is the coupling gap G. We selected a
single-mode ring and bus waveguide width W , which is dependent on the wavelength
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range of interest (i.e., W = 0.75 µm for O-band, W = 1 µm for C-band). A ring radius
R = 250 µm is selected for all the devices for consistency and to alleviate bend radiation
loss for all devices under test regardless of wavelength and polarization. Multiple ring
resonator circuits are fabricated with varying G to assess the ring-bus coupling condition
across the measured spectra. Our ring resonators were measured using our fiber edge
coupling experimental setup and the results are shown in Fig. 3.7. For all wavelengths
and polarizations, the spectra exhibit a shift in the critical coupling position (where ER
is the greatest) to higher wavelengths as G increases. The exact critical coupling points
for 1310 nm wavelength in the O-band ring resonator could not be precisely determined,
but the spectra in Fig. 3.7(a-b) suggest that they may be achieved using coupling gaps of
∼0.75 and ∼0.85 µm for TE and TM polarization, respectively. From Fig. 3.7(c-d), the
critical coupling point for the C-band ring resonator is located at 1550 nm using coupling
gaps of 0.85 and 1.1 µm for TE and TM polarization, respectively. Resonances near the
wavelengths of interest (i.e., 1310 and 1550 nm) are collected and plotted together in the
insets of Fig. 3.7. To assess the quality factors, we approximated and fit the resonances
with a Lorentzian lineshape function [64; 65]. Table 3.4 summarizes the results for the
resonance fittings. QL increases with G since Qi remains relatively constant with the
resonator geometry while Qe gradually increases as the coupling strength declines. The
resonance linewidth becomes narrower as G increases and the behaviour of the ring
resonator changes from overcoupled (black, Qi > Qe) to critically coupled (red, Qi ≈
Qe) to undercoupled (blue, Qi < Qe). Some resonances exhibit a double resonance dip,
or doublet. Two counter-propagating modes in the resonator experience strong modal
coupling when their degeneracy is lifted due to scattering from surface roughness along
the resonator path [66]. A statistical model that considers these mode splitting effects
is incorporated into our fitting algorithm for these specific resonances [67]. The model
considers a doublet as two individual peaks each with their own quality factors and the
quality factors shown in Table 3.4 for the doublet resonances are simply the averages
of the two respective quality factors. The propagation loss can be calculated using the
equation:

α = 2πng
λ0Qi

= λ0
FSR · Qi · R

, (3.7)

where ng is the experimental group index, λ0 is the resonant wavelength, Qi is the
intrinsic quality factor of the undercoupled ring resonator determined by the resonance
fitting, and FSR is the free spectral range [68]. Using the data from Table 3.4, the
measured propagation losses in the ring resonators are 0.94 and 0.62 dB/cm for 1310 nm
wavelength under TE and TM polarization, respectively, and 1.02 and 0.94 dB/cm for
1550 nm wavelength under TE and TM polarization, respectively. These results agree
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well with the spiral cutback loss data (within ±0.1 dB/cm), apart from the 1550 TM
result, and show comparable performance to all-pass ring resonators demonstrated on
other moderate confinement SiN platforms [39; 69; 70].

Table 3.4: Measurement summary of SiO2-clad SiN
ring resonators with R = 250 µm.

λ0 Pol. W G C.* ER FSR ng Qi QL
(nm) (µm) (µm) (dB) (nm) (·105) (·105)

1308.77 TE 0.75 0.7 OC 11.4 0.53 2.08 4.88 1.80
1308.62 TE 0.75 0.8 UC 13.7 0.53 2.08 4.67 2.81
1309.39 TE 0.75 0.9 UC 4.9 0.53 2.08 4.70 3.69
1310.53 TM 0.75 0.8 OC 6.7 0.54 2.01 6.39 1.73
1310.14 TM 0.75 0.9 UC 10.9 0.54 2.01 6.33! 2.67!

1308.10 TM 0.75 1.1 UC 4.1 0.54 2.01 6.85! 4.95!

1547.23 TE 1.00 0.7 OC 7.6 0.75 2.04 3.58 1.08
1552.51 TE 1.00 0.85 CC 17.7 0.75 2.04 3.48 1.96
1552.60 TE 1.00 1.0 UC 6.6 0.76 2.03 3.48 2.55
1550.40 TM 1.00 0.9 OC 6.5 0.79 1.93 3.20 0.86
1550.54 TM 1.00 1.1 CC 19.9 0.80 1.93 3.25 1.47
1549.55 TM 1.00 1.3 UC 7.9 0.79 1.93 3.60 2.51
* C. = coupling condition; OC = overcoupled; CC = critically coupled;
UC = undercoupled.
! Averaged between quality factors calculated for split resonance peaks.

3.3.5 SWG metamaterial devices

SWG metamaterials have become fundamental building blocks in SiP thanks to their
ability to enhance design flexibility by leveraging precise lithographic control over the
waveguide effective index and mode field distribution [71]. SWG metamaterials have
been implemented in many on-chip photonic components, such as waveguides, fiber-
chip couplers, crossings, filters, switches, multiplexers, and various devices responsible
for managing polarization, anisotropy, and dispersion [72; 73; 74]. This has prompted
the adoption of SWG metamaterials into more complex optical micro-systems including
on-chip biosensors [75], modulators [76] and commercial products such as IBM’s fiber-
chip coupling interfaces [77]. While SWG metamaterials have primarily benefited the
silicon-on-insulator (SOI) platform, their operating principles can be applied in other
material platforms in integrated optics [78]. The use of EBL technology enables feature
size dimensions suitable for fabricating SWG metamaterial structures on our SiN plat-
form. Therefore, SWG metamaterials can be incorporated into the design space and
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applied in the fabricated devices to expand the application and performance profile of
the various SiN components already available in the PDK. We recently demonstrated
the first SiN-based SWG metamaterial waveguides and ring resonators on our platform
[79]. The design, fabrication and results of these devices are disseminated in Chap-
ter 4 and demonstrate metrics that are comparable with SiN strip waveguides on our
platform, competitive with other moderate confinement SiN platforms, and superior to
SOI SWG ring resonators reported in literature. Such demonstrations are encouraging
the incorporation of SWG metamaterials in other essential SiN photonic components,
such as couplers with small footprint and wide operational bandwidth [80]. While SWG
metamaterials are relatively new in SiN, our rapid prototyping SiN platform provides an
excellent foundation in which to explore their design in other fascinating SiN devices.

3.4 Discussion

Table 3.5 summarizes the waveguide losses for our platform and for other commercially
available moderate confinement SiN/SiO2 foundry platforms [19]. Overall, our losses at
1310 and 1550 nm wavelengths are <1.1 dB/cm, which is competitive with many other
SiN foundries. There is a notable absence of reported TM polarized waveguides. How-
ever, we report loss for both TE and TM polarization in our waveguides and demonstrate
superior TM loss metrics across the O- and C-band compared to the TE loss. This is
encouraging for platform users exploring SiN PIC applications where TM polarization is
desired, such as biosensing, where the strip waveguide TM mode exhibits greater overlap,
and therefore greater sensitivity, with the sensing medium over the TE mode [81], and
high-speed optical communications, where information signal processing is performed in
independent polarization states [82].

Methods for improving the waveguide loss are underway. Reassessment of the hard
mask material and quality may help to reduce the line edge roughness, which in turn
would decrease sidewall roughness and lower the overall waveguide loss. Post-deposition
annealing (PDA) is a straightforward solution for driving out excess hydrogen pollutants
from the SiN film [84; 85], which are responsible for the increased waveguide loss in the
C-band. These post-processing steps can be avoided by performing the LPCVD run at
higher temperatures to drive out hydrogen during the deposition. However, this would
require adjustment of the deposition recipe. Overall, any form of SiN film optimization
will require careful consideration of film cracking as our selected thickness lies on the
threshold in which tensile stress may hinder the film quality [19].
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Table 3.5: Loss comparison of single mode waveguides for com-
mercially available 1.3- and 1.5-µm moderate confinement SiN plat-
forms.

Platform SiN dep. Pattern. λ Pol. w t Loss Ref.
method method * (µm) (µm) (µm) (dB/cm)

AIM PECVD IL-RIE 1.55 1.0-4.5 [15]

AMF

PECVD
DUV-
Dry

1.31 TE 0.4 <0.2

[16]LPCVD 1.31 TE 0.4 <0.3
PECVD 1.55 TE 0.4 <3.01
LPCVD 1.55 TE 0.4 <0.42

CEA-
LETI

PECVD
DUV-
RIE

0.94 TE 0.6 0.3 1.5

[17]LPCVD 0.94 TE 0.6 0.3 1.0
PECVD 1.31 TE 0.7 0.6 0.8
LPCVD 1.55 TE 0.75 0.75 1.5

CORNER- PECVD EBL 1.31 TE 0.9 0.3 1.0 [18]STONE 1.55 TE 1.2 0.3 1.5
IMB-CNM LPCVD ILS-RIE 1.55 TE 0.281 0.99 [20]

SIMIT LPCVD 1.55 TE 1.0 0.4 0.157 [83]

ANT LPCVD EBL-
RIE

1.31 TE 0.75 0.4 0.83
This
work

1.31 TM 0.75 0.4 0.62
1.55 TE 1.0 0.4 1.02
1.55 TM 1.0 0.4 0.74

* DUV = deep-ultraviolet; IL = Immersion lithography; ILS = I-line stepper.

The waveguides, edge couplers and ring resonators presented above were developed
over four design/fabricate/test cycles. During this time, we established an exemplary
model for verifying the correctness and accuracy between simulation, technological pro-
cess and experiment. This method will be very useful for the development of other
integrated photonic components on the platform. The grating couplers and 3 dB MMI
power splitters presented are in their preliminary development stages and require fur-
ther optimization to strengthen their performance. We believe these components can
be improved through judicious design to better match other state-of-the-art SiN devices
[80; 86]. Research and development on other important integrated photonic components,
including directional couplers, interferometers, Bragg gratings, and various components
featuring SWG metamaterials is on-going and the PDK is being continuously updated.
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3.5 Conclusion

We have presented the results for a commercially available SiN platform built upon a
rapid prototyping foundry process. The moderate confinement single mode waveguides
exhibit losses as low as 0.6 and 0.4 dB/cm across the O- and C-bands, respectively, which
are competitive with SiN platforms from other foundries. Other necessary components
for PICs are demonstrated and included in a complimentary PDK, such as fiber-chip
couplers, 3 dB MMI power splitters, and ring resonators. Subwavelength metastructures
with critical feature sizes down to 100 nm can also be fabricated on the platform and
have been shown in other works (see Chapter 4). These device designs can be modified
to accommodate other areas of the VIS and NIR spectra for various applications of
SiN photonics. The platform is available to users through multiple MPW runs per year
that each have rapid turnaround times of several weeks, providing small research groups
and start-up companies easy access to low-cost SiN PICs. As the application space of
SiN photonics constantly grows, the SiN technology offered by ANT will continue to
expand with improved designs on existing components for various targeted functions
and operations. The platform demonstrated here enables users to rapidly design and
test high quality PICs in SiN to cultivate their solutions in various SiP applications.
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Chapter 4

Subwavelength grating
metamaterial waveguides and ring
resonators on a silicon nitride
platform

This chapter includes the findings presented in a published manuscript on the demon-
stration of subwavelength grating (SWG) metamaterial waveguides and ring resonators
fabricated on a commercially available rapid prototyping silicon nitride (SiN) foundry
platform. The developments in silicon photonics (SiP) technology are leading the ad-
vances in disciplines as diverse as high-speed optical communications, quantum physics,
sensing, and light detection and ranging (LiDAR). SiN has evolved as a promising com-
plementary material to silicon (Si) for integrated photonics. It offers low mode propa-
gation losses, enhanced fabrication tolerance, transparency throughout the visible (VIS)
light spectrum, advantageous nonlinear properties, and still leverages the mature fabri-
cation processes of the microelectronics industry. While important advances have been
reported in SiN integrated photonics, there is a desire to improve the capability to ac-
curately control the distribution of the electromagnetic field and the wavevectors of the
propagating modes in a SiN platform. This has been successfully demonstrated in SiP
by using SWG metamaterials, resulting in many integrated optical devices with un-
precedented performance, yet no reports were previously made for SWG metamaterial
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waveguides in SiN.

Here we propose and experimentally demonstrate SWG metamaterial waveguides on
an SiN platform for the first time. Our SWG SiN waveguides have low propagation loss
(∼1.5 dB/cm) in the telecom C-band. At the same time, a large overlap (>50%) of the
Floquet-Bloch mode with the top cladding material (in this case, silicon dioxide (SiO2))
is achieved, which is a promising property for applications in evanescent field sensing and
light amplification. Furthermore, we use our metamaterial waveguide to demonstrate
the first SWG-engineered ring resonator in the SiN platform. The SiO2-clad SiN SWG
resonator has a measured internal quality factor of ∼ 2.11 · 105, comparable to conven-
tional ring resonators in similar SiN platforms. Meanwhile, the same resonator with
a water coating has a calculated bulk sensitivity of 0.33 RIU/RIU (∼285 nm/RIU for
1540 nm wavelength) and measured loaded quality factor of 5200, which is competitive
with equivalent SWG ring resonator sensors reported in the silicon-on-insulator (SOI)
platform. We believe that these results represent an important advancement towards
SWG metamaterial-engineered integrated photonic devices based on SiN waveguides for
a wide range of applications leveraging established integrated photonics technology.

The contents of this chapter are mostly reprinted with open access permission from
the publisher under the following citation:

Cameron M. Naraine, Jocelyn N. Westwood-Bachman, Cameron Horvath, Mirwais
Aktary, Andrew P. Knights, Jens H. Schmid, Pavel Cheben, and Jonathan D. B.
Bradley, “Subwavelength grating metamaterial waveguides and ring resonators on a
silicon nitride platform,” Laser & Photonics Reviews, vol. 17, no. 2, p. 2200216,
2023. DOI: 10.1002/lpor.202200216.

The only section added to the thesis that was not in the original publication is the
experimental results and corresponding discussion for the water-coated SiN SWG ring
resonator. Section 4.1 introduces the background and role of SWG metamaterial struc-
tures in SiP, as well as the motivation to implement them in SiN waveguides. Section 4.2
explains the design process and fabrication methods used to produce SiN-based SWG
metamaterial waveguide devices. Section 4.3 describes the characterization steps and
presents the experimental results for the fabricated SiN SWG metamaterial waveguides
and ring resonators. Finally, Section 4.4 summarizes the results and highlights the po-
tential that SWG metamaterials have in SiN photonic integrated circuits (PICs) and
their related applications.
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Abstract

We propose and demonstrate SWG metamaterial waveguides and ring resonators on
a SiN platform. The SWG waveguide is engineered such that a large overlap of 53%
of the Floquet-Bloch mode with the top cladding material is achieved, demonstrating
excellent potential for applications in evanescent field sensing and light amplification.
The devices, which have critical dimensions greater than 100 nm, are fabricated using
a commercial rapid turn-around SiN prototyping foundry process using electron beam
lithography (EBL). Experimental characterization of the fabricated device reveals ex-
cellent ring resonator internal quality factor (2.11 · 105) and low propagation loss (∼1.5
dB/cm) in the C-band, a significant improvement of both parameters compared to Si-
based SWG ring resonators. These results demonstrate the promising prospects of SWG
metamaterial structures for SiN based PICs.

4.1 Introduction

SiP has become a leading integrated photonics technology by leveraging existing mi-
croelectronics manufacturing processes and infrastructure to produce compact, scalable,
low-power, and cost-effective PICs [1; 2; 3]. This development has stimulated commercial
and research interest, compelling many foundries to offer new services that deliver high-
performance integrated optical components and circuits, including process design kits
(PDKs) and multi-project wafer (MPW) runs [4; 5]. While SOI has been established
as the dominant platform for SiP circuits, its high index contrast (∆n ∼ 2) implies
several functional drawbacks, including strict fabrication tolerances, strong polarization
dependence, and significant scattering and coupling losses. Furthermore, its bandgap
of 1.12 eV limits its application to wavelengths above ∼1.1 µm. To circumvent these
disadvantages, SiN has been developed as a versatile complimentary material. SiN is a
common material available in many SiP foundries and shares plenty of the same mature
fabrication methods as SOI that enable nanoscale integrated optical devices with high
integration density and compact footprints [6; 7]. Compared to SOI, SiN benefits from a
moderate index contrast (∆n ∼ 0.5) for design flexibility, low scattering losses, reduced
birefringence and polarization dependent losses, transparency throughout the VIS and
near-infrared (NIR) spectra, higher tolerance to fabrication variance, negligible two pho-
ton absorption (TPA), and advantageous nonlinear optical properties [8; 9; 10]. These
interesting features make SiN an attractive platform for applications such as evanes-
cent field sensing and light amplification, where performance is enhanced by increased
light-matter interaction with the cladding material [11; 12; 13; 14; 15; 16; 17; 18; 19; 20].
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Since their first demonstration in Si waveguides, SWG metamaterials [21; 22] have
become an essential tool in integrated photonics due to the design flexibility and precise
lithographic control over the waveguide effective index and mode field distribution [23].
This has led to many on-chip devices for routing, coupling, filtering, switching, modula-
tion, multiplexing, and management in polarization, anisotropy, and dispersion [24; 25].
SWG metamaterials were first proposed for on-chip sensors exploiting their increased
mode overlap with the low index sensing environment surrounding the SWG waveguide
core [26]. SWG-based ring resonator sensors reported higher sensitivities compared to
the conventional devices [27], owing to the strong longitudinal field component within
the gaps between the SWG segments that is not accessible in conventional strip or slot
waveguides. SWG engineering has also been suggested to enhance gain in waveguide
amplifiers and lasers based on optically active cladding materials [28].

Thus far, SWG metamaterial waveguides have been almost exclusively implemented
in SOI [21; 22; 23; 24; 25]. While SWG ring resonators based in SOI have reported good
sensitivity figures of merit, their demonstrated quality factors (Q) have been limited to
the 104 range, which is quite low compared to SiN ring resonators. Here, we demonstrate
SWG metamaterial waveguides and ring resonators on an SiN platform. For sensing
applications, an SiO2 cladding above the SiN waveguide would be typically implemented
by a different material, depending on a specific application, e.g., water-based analyte
for evanescent field sensing, or rare-earth (RE)-ion doped oxide for optical amplifiers.
However, the operation would still rely on the same principle, i.e., modification of optical
properties in the superstrate medium affecting the mode propagation constant, which
can be controlled by optimizing the mode overlap with the superstrate. Leveraging
SWG metamaterial engineering in the SiN platform allows enhancement of the overlap
of the waveguide mode with the superstrate material due to the reduced waveguide
effective index, and the mode localization within the SWG gaps. According to our 3D
simulations, a 53% mode overlap with the oxide top cladding is achieved for our SiN
SWG waveguides. SWG engineering in the SiN platform brings some drawbacks because
of reduced effective index and possibly increased loss penalty due to substrate leakage
and bend loss. We judiciously selected a design point optimizing the tradeoff between
different parameters, including modal confinement in the region of interest (superstrate),
substrate leakage and minimum bend radius. An internal Q of 2.11 · 105 at 1540 nm
wavelength is measured in the fabricated SWG ring resonators, which is comparable
to equivalent conventional SiN ring resonators fabricated on the same platform and a
significant improvement compared to reported Si based SWG ring resonators. The same
device using water as a superstrate medium is also demonstrated with a measured loaded
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Q of 5200 at 1540 nm wavelength, thus validating its potential as a sensing device. These
performances shows that the realization of SWG metamaterials holds significant promise
for compact and efficient components and devices in SiN integrated photonics.

4.2 Design and fabrication

Fig. 4.1 shows a schematic of our SiN SWG metamaterial ring resonator. We designed
our SWG metamaterial waveguides and ring resonators for the SiN platform offered by
Applied Nanotools Inc. (ANT) [29]. Direct-write EBL was used to define the SWG
waveguide structures, which have a critical feature size of ∼100 nm. The platform com-
prises a 400-nm-thick low pressure chemical vapour deposition (LPCVD) SiN waveguide
layer (refractive index n ∼ 2) on a 4.5-µm SiO2 buried oxide (BOX) with a 3-µm plasma
enhanced chemical vapour deposition (PECVD) SiO2 top cladding (n ∼ 1.47). This
SiN thickness is also widely available in other foundries, yields compact single mode
waveguides with low propagation loss and moderate confinement around 1550 nm, and
has minimal risk of stress-induced film cracking [9].

Figure 4.1: Schematic of SiN SWG metamaterial ring resonator.
Inset: top view of coupling section between ring resonator and bus
waveguide.

An analysis of SWG waveguides for the SiN platform was conducted using the DE-
VICE Suite from Ansys Lumerical [30]. We first used a 2D finite difference eigenmode
(FDE) solver to calculate the mode properties of various SWG waveguides within the
effective medium theory (EMT) approximation [23]. The SWG waveguide is modeled
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Figure 4.2: Simulated (a) mode effective index, (b) mode over-
lap with the upper cladding, (c) propagation loss, and (d) mini-
mum bend radius for various TE-polarized SiN SWG metamaterial
waveguides, using EMT and a 2D FDE solver.

as a conventional strip waveguide with a variable core index (nSWG) that is dependent
on the refractive indices of the constituent materials and the SWG duty cycle δ. We
set the material refractive index values to match the ANT platform and varied the duty
cycle between 0.25 and 1 in our calculations, where δ = 1 is analogous to a conventional
strip waveguide. Fig. 4.2 displays the 2D simulation results for transverse electric (TE)-
polarized waveguides as a function of nSWG and waveguide width (wwg). We quantify
the optical intensity overlap with the upper cladding, which we consider the active re-
gion, by calculating the electric field energy density factor (γA) using Eq. 1.3, where the
integration domain extends over the 2D transverse cross-sectional area of the waveguide
[31; 32]. The overlap is maximized when nSWG and wwg are reduced but a trade-off is
observed between the overlap factor and increasing substrate leakage loss penalty as the
mode effective index (neff) decreases and the mode expands deeper into the BOX layer,
as shown in Fig. 4.2(c). The bend losses also increase significantly for low neff. We define
the minimum bend radius (Rmin) as the value for which the simulated radiation loss is
<1 dB/cm and plot the results in Fig. 4.2(d) for various SWG structures calculated
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using the bent waveguide eigenmode solver. We aim to maintain compact devices with
bend radius <1 mm, so the saturated low neff region of Fig. 4.2(d) is associated with
high bend radiation loss. We chose wwg = 0.75 µm and nSWG ∼ 1.85 (corresponding
to δ = 0.7) for our fabricated devices since this configuration offers compact, low-loss
waveguide structures while maintaining a good overlap metric. The white stars through-
out Fig. 4.2 mark the results of the simulated waveguide with these parameters, which
exhibits neff = 1.52, γA = 44%, αwg ∼ 0.001 dB/cm, and Rmin = 250 µm.

Figure 4.3: (a) Top view schematic of SWG-engineered SiN
waveguide. 3D FDTD simulated (b) photonic bandstructures and
(c) corresponding effective (solid lines) and group (dashed lines) in-
dices of SWG devices with varying grating period Λ. Dashed black
lines correspond to a wavelength (λ) of 1550 nm. (d) Floquet-Bloch
mode propagating in the SWG SiN waveguide. Transverse mode
distributions are shown across the SiN segment (top right) and
within the gap between SiN segments (bottom right) for in-plane
TE polarization.

We performed 3D finite-difference-time-domain (FDTD) simulations to accurately
calculate the photonic bandstructure and corresponding Floquet-Bloch mode profiles of
our SWG waveguide structure. The FDTD simulation setup and results are shown in Fig.
4.3. The simulation window consists of a single unit cell confined by Bloch and perfectly
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matched layer (PML) boundary layers along the propagation axis and transverse regions,
respectively. This emulates an infinitely periodic grating structure and significantly
reduces the simulation time. Fig. 4.3(b) shows the calculated bandstructures for 750 nm
waveguide width (wwg), 0.7 SWG duty cycle (δ), and various SWG periods (Λ) plotted
with respect to free space wavelength (λ). The dispersion relation shows that the first-
order band in each series gradually flattens as the Brillouin zone boundary (k = π/Λ) is
approached. This causes the effective (neff) and group (ng) indices to rapidly increase,
as observed in Fig. 4.3(c), before reaching the band edge wavelength where the photonic
bandgap begins. Increasing Λ causes the band to significantly redshift, as expected.
We selected a period of 400 nm to ensure our fabricated devices are subwavelength in
the C-band and operate far from the photonic bandgap. For this architecture, at 1550
nm wavelength, neff = 1.52 and ng = 1.78, which is in good agreement with the 2D
simulation. Fig. 4.3(d) shows the Floquet-Bloch mode profile propagating through the
SWG metamaterial waveguide. For the 3D simulation, the electric field energy density
factor γA is re-evaluated by replacing the 2D transverse cross-section integration area
by a volume corresponding to one grating period. Our 3D simulation yields a 53% mode
intensity overlap with the upper cladding and SWG gap regions. This is about 20%
higher compared to the 2D simulation result, mainly due to the inclusion of the electric
field localized within the gaps of the SWG structure in the 3D simulation.

Our fabricated ring resonator is shown in Fig. 4.4. To couple light efficiently from
a fiber to the bus waveguide on the chip, we designed an SWG edge coupler with 0.4
µm tip width and 100 µm length at the facet, adopting the general concept previously
demonstrated in SOI [33]. We fabricated multiple SWG ring resonator circuits in the
all-pass configuration with 400 µm ring radius and various coupling gaps between the
ring and the bus waveguide to assess the coupling conditions. The fabricated chips
underwent a deep trench etching process and were then diced into individual dies to
facilitate fiber-chip edge coupling.

4.3 Optical characterization and analysis

The devices were characterized by coupling TE-polarized light from a 1510 nm – 1640
nm tunable laser on chip to the bus waveguide and off chip to an indium gallium arsenide
(InGaAs) photodetector, using 2.5 µm spot size lensed fibers. Fig. 4.5 shows the insertion
loss spectrum for an SWG ring resonator with a 2 µm gap. The inset displays resonances
close to the critical coupling point near 1610 nm with a maximum extinction ratio (ER)
of 14.2 dB. The coupling is stronger at longer wavelengths due to the enlarged mode size
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Figure 4.4: (a) Top view scanning electron microscope (SEM)
image of SWG edge coupler. (b) Optical microscope image of fab-
ricated SWG ring resonator. (c) Top view SEM image of coupling
section of SWG ring resonator circuit with a 1.2 µm gap. (d, e)
Detailed magnified views of (a) and (c), as marked.

and increased overlap between the bus and ring waveguide modes. As the wavelength
decreases, the ER is reduced, and we observe under-coupling. The SWG waveguides
and ring resonators are designed to support only the fundamental mode, so there are no
higher order modes present. This is also confirmed in our experiment, as the zoomed
in spectrum (inset of Fig. 4.5) does not show any higher-order mode resonance features
and a resonance spectrum corresponding to the fundamental TE mode is observed. The
experimental group index (ng) is determined from the measured free spectral range
(FSR), using the relation [34]:

ng = λ2

FSR · 2πR
, (4.1)

where λ is the resonance wavelength and R is the resonator radius. For 1510 nm and 1640
nm wavelengths, FSR = 0.51 and 0.63 nm, yielding ng = 1.79 and 1.70, respectively,
which is in good agreement with the 3D FDTD simulation.

We quantify the performance of our fabricated devices by fitting the resonances using
coupled mode theory [35] and calculating the Q factors. The external (Qe) and internal
(Qi) quality factors are associated with the coupling strength and resonator propagation
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Figure 4.5: Measured transmission spectrum for SiN SWG ring
resonator with 2 µm gap. Inset: Critically coupled resonances near
1610 nm wavelength with a maximum ER of ∼14 dB.

loss, respectively. As these parameters decrease, their respective Q factors increase. The
resulting loaded quality factor (QL) of a resonance is determined by Eq. 3.5 [36]. Fig.
4.6 shows measured resonances centered near 1540 nm wavelength of three SWG ring
resonators with different coupling gaps. Each resonance is associated with a different
coupling regime. The device with 1.2 µm gap is over-coupled (Qe < Qi), has a QL of
3 ·104, and displays a low ER of 2.9 dB. The device with 1.6 µm gap is critically coupled
(Qe ∼ Qi) as indicated by the large ER of 14.4 dB, which is equivalent to the maximum
ER shown in Figure 4.5. This resonance exhibits a QL of 7.34 · 104. The device with
a 2 µm gap is under-coupled (Qe > Qi). Resonators in this regime may feature split
resonances caused by interaction between two counter-propagating modes. We included
this effect in our fitting algorithm based on the analysis presented in [37] and report an
average QL and Qi of 1.56 · 105 and 2.11 · 105, respectively, between the two resonance
peaks. The propagation loss (α) is calculated using Eq. 3.7 [38], which yields α = 1.48
dB/cm for the SWG ring resonator. Conventional strip waveguide-based ring resonators
with 250 µm radius were also fabricated on the same chip and underwent the same
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Figure 4.6: Fitted resonances near 1540 nm wavelength for over-
coupled (blue), critically coupled (red) and under-coupled (green)
SiN SWG ring resonators with 400 µm ring radius and varying gap
sizes.

characterization process. A Qi of 2.42 · 105 and ng of 2 were measured in an under-
coupled device near 1540 nm wavelength, corresponding to a propagation loss of 1.47
dB/cm. These results show that SWG ring resonators have comparable performance
with conventional ring resonator devices in the same SiN platform. At the same time,
our SWG SiN ring resonator exhibits a substantially higher Q compared to SWG Si ring
resonators [39], albeit the structural parameters (ring radius, modal confinement, etc.)
are different.

Table 4.1: Sensitivity calculations for water-coated SiN waveg-
uides obtained from 3D FDTD simulations.

Waveguide type δ wwg (µm) Sb (RIU/RIU) Ss (RIU/nm)
SWG 0.7 0.75 0.33 3.76 × 10−4

Strip 1 0.75 0.26 2.59 × 10−4

The main advantage of our SWG SiN waveguides and ring resonators is that, unlike
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previously reported conventional SiN structures, they allow an additional degree of free-
dom to engineer the mode profile, which is important for optimization of mode overlap
with the cladding material. To clarify this point, we carried out numerical investigations
to directly compare performance of SWG and conventional SiN waveguides in terms of
bulk and surface sensitivity [26], which are determined using the following respective
equations:

Sb = ∂neff
∂nclad

, (4.2)

Ss = ∂neff
∂t

, (4.3)

where neff is the mode effective index, nclad is the top cladding refractive index, and
t is the thickness of the adsorbed molecular layer on the surface of the waveguide.
Specifically, we calculated Sb for SiN waveguides coated in water (n = 1.32), as well as S s

for water-coated SiN waveguides with a protein adlayer of refractive index n = 1.45 and
thickness t = 10 nm. Table 4.1 summarizes the calculated sensitivities at a wavelength of
1550 nm, obtained by rigorous 3D FDTD simulations. Considering the same waveguide
parameters as those reported above, we observed a substantial increase in both bulk
and surface sensitivities in the SWG waveguide, which echoes the principles of reported
SOI-based sensors that implement these different waveguide types [26].
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Figure 4.7: (a) Full measured transmission spectrum, (b) zoomed-
in C-band spectrum, and (c) fitted resonance near 1540 nm wave-
length for under-coupled SiN SWG ring resonator covered with wa-
ter.

To demonstrate a viable SWG sensor waveguide on this SiN platform, additional mea-
surements were performed on ring resonators without SiO2 top cladding, and then with
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a droplet of water covering the chip, thus emulating an air-clad and water-clad device,
respectively. No resonances were observed for the air-clad ring resonator because the
current geometry (wwg = 0.75 µm and δ = 0.7), which was specifically selected to work
with SiO2 top cladding, does not provide enough mode confinement in the waveguide to
overcome the strong modal asymmetry between the top and bottom claddings. The air
cladding significantly lowers the mode effective index, so the mode is effectively pushed
towards the BOX, thus inducing prohibitively high leakage losses. On the other hand,
clear resonance features were measured when water was used as a superstrate medium,
as shown in Fig. 4.7. The full transmission spectrum of the water-coated SWG ring
resonator with a 0.8 µm coupling gap (Fig. 4.7(a)) shows critical coupling at 1605 nm
wavelength with an ER of 26.5 dB. Based on the discussion of the results in Fig. 4.5,
this places the C-band in the under-coupled regime. The same fitting procedure used for
the resonances in Fig. 4.6 was performed on a resonance near 1540 nm wavelength (Fig.
4.7(c)) and revealed an Qi and QL of 8400 and 5200, respectively, which is comparable
to many reported SOI-based SWG ring resonators using water as a superstrate medium
[26; 27; 40; 41]. While these results demonstrate a working SiN SWG ring resonator in
an environment that is commonly used for sensing applications, the Q factors are quite
low. Because the current waveguide design is optimized to obtain high mode overlap
with SiO2 top cladding, the same device with a lower index cladding, such as air and
water, suffers from lower effective index and greater leakage, which ultimately leads to
higher loss and lower Q. This effect is amplified by the SWG metamaterials since the
superstrate medium has a direct influence on the waveguide refractive index. The loss
performance of these waveguides with lower index superstrate materials can be enhanced
by increasing the waveguide width and/or the SWG duty ratio to boost the mode ef-
fective index and reduce substrate leakage. A comprehensive design procedure like the
one described in Section 4.2 must be repeated to obtain the appropriate waveguide pa-
rameters that will optimize the SWG device performance for the specific material and
application under investigation. Nevertheless, these results provide a reasonable margin
for the refractive indices of the superstrate media of interest for applications in sensing
and light amplification.

Resonances at different wavelengths shown in the transmission spectrum in Fig. 4.5
were also fitted and their Q factors calculated. These results are displayed in Fig. 4.8.
The data points were averaged using a quadratic polynomial fit across the measured
spectrum. The relationship between Qi and QL is consistent with the discussion of the
various coupling regimes. Near 1540 nm wavelength, the resonator is under-coupled
since QL is equivalent to and limited by Qi. As the coupling strength increases with the
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Figure 4.8: Measured internal (black triangles) and loaded (red
squares) Q factors with the corresponding polynomial fitting curves
for SWG ring resonator with 2 µm gap over the C- and L-bands.

wavelength, the values of QL and Qi gradually diverge. Critical coupling is achieved at
1610 nm wavelength, where QL ≈ Qi/2, as expected from Fig. 4.5. QL beyond the L-
band shows a continuous decrease due to persistent over-coupling. The intrinsic quality
factor fitting curve peaks near 1587 nm wavelength with Qi = 2.72·105, corresponding to
a propagation loss of 1.1 dB/cm. The quality factor may be enhanced by implementing
a trapezoidal SWG geometry throughout the ring resonator and waveguide bends, as
has been demonstrated for Si waveguides [39].

4.4 Conclusion

In conclusion, we have demonstrated SiN-based SWG metamaterial waveguides and mi-
croring resonators. A 53% mode overlap with the SiO2 upper cladding material was
calculated using 3D FDTD simulations. An internal quality factor Qi = 2.11 · 105 was
measured near 1540 nm wavelength and a maximum fitted Qi of 2.72·105 was determined
at a wavelength of 1587 nm, corresponding to propagation losses of 1.48 and 1.1 dB/cm,
respectively. This is comparable to other ring resonator devices reported on similar SiN
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platforms and presents a significant improvement in performance compared to Si based
SWG metamaterial ring resonators. Uncladded ring resonators were also measured in
an aqueous environment, exhibiting an Qi and QL of 8400 and 5200, respectively, near
1540 nm wavelength. This showcases the SWG device’s capabilities as a waveguide sen-
sor, as well as its flexibility in operating with different top cladding materials of varying
refractive index. These SWG metamaterial engineered devices have great potential for
the development of advanced PICs, particularly for light amplification and evanescent
field sensing applications, where high mode overlap with the local environment surround-
ing the waveguide is important. Based on these results, we expect that exploration of
SWG metamaterials for other SiN integrated photonic components and devices will be
a fruitful new research direction in integrated photonics.
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Chapter 5

Towards a subwavelength grating
metamaterial waveguide
amplifier: silicon nitride coated in
atomic layer deposited
alumina/erbia films

This chapter describes the design, fabrication, and characterization processes for a new
type of silicon nitride (SiN) waveguide amplifier engineered using subwavelength grating
(SWG) metamaterials and functionalized by erbium (Er)-doped aluminum oxide (Al2O3)
thin films grown via atomic layer deposition (ALD). As silicon photonics (SiP) technol-
ogy expands into application spaces such as high-speed optical communications, satellite
communications, quantum computing, sensing, artificial intelligence and light detection
and ranging (LiDAR), SiN is evolving in parallel as an outstanding complementary
material to silicon (Si) for integrated photonics. With benefits such as complementary-
metal-oxide-semiconductor (CMOS) manufacturing compatibility, superior fabrication
tolerance, visible (VIS) to near-infrared (NIR) transparency, negligible two photon ab-
sorption (TPA), and ultralow waveguide loss, SiN has gained significant research atten-
tion as an integrated photonics platform for developing efficient on-chip light sources
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and nonlinear optical devices. In particular, amplifiers and lasers grounded on SiN pho-
tonic integrated circuits (PICs) and incorporating post-process rare-earth (RE)-doped
gain media have been thoroughly demonstrated, exhibiting advantages over their III-
V counterparts such as high saturated output power, broadband gain, minor thermal
drift, narrow intrinsic linewidth, and low noise and lasing threshold. Al2O3 is a well-
established dielectric material for integrated optics with wide optical transparency, stable
chemical and mechanical properties, and various deposition methods that are compat-
ible as back-end-of-line (BEOL) CMOS processes. It serves as an excellent amorphous
host for RE-ion dopants with a low thermo-optic coefficient and limited phonon energies.
On SiN waveguides, the relatively high refractive index of RE-doped Al2O3 provides a
moderate index contrast with the buried oxide (BOX) insulator for a compact footprint
and allows for significant modal overlap with the RE ions in the cladding that leads to
higher gain. Precise control over the wavevectors and field distribution of the propagat-
ing modes in such a device is important to obtain optimal performance. This has been
successfully demonstrated by implementing SWG metamaterials in various SiP devices
and in our recent publication on SiN waveguides. While unprecedented performance has
been presented in many passive integrated optical devices, SWG metamaterial engineer-
ing was relatively absent from active integrated photonic devices, such as on-chip optical
amplifiers and lasers.

Here, we propose and experimentally demonstrate signal enhancement in SWG meta-
material waveguides fabricated on a commercial SiN foundry platform and coated in an
Er-doped Al2O3 cladding gain material. The waveguides are designed to have a large
overlap (>50%) between the Floquet-Bloch mode and the Er-doped Al2O3 gain medium,
which is essential for light amplification applications and also beneficial for evanescent
field sensing. The Er-doped Al2O3 material is grown inside a custom thermal atomic
layer deposition (tALD) reactor by sequentially depositing monolayers of Al2O3 and
erbium oxide (Er2O3) under self-limiting conditions for fine, pure, and highly uniform
films that permeate the nanoscale spaces around the SiN gratings. Experimental char-
acterization of our SiN SWG waveguides shows a low background propagation loss (∼1.3
dB/cm) outside the Er absorption spectrum and an ∼8.6 dB signal enhancement of 1533
nm wavelength light in a 0.64 cm long device subjected to 148 mW power from 1480
nm pump laser diodes. Compared to an equivalent wire waveguide fabricated on the
same chip, the loss is equal, yet the signal enhancement is almost twofold due to the
enhanced mode overlap factor with the gain material in the SWG waveguide. Internal
net gain is not achieved, but methods for reducing the loss, such as re-design consid-
erations and post-processing steps such as annealing, are discussed. We believe that
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these results represent an important advancement for the development of SiN active
devices assisted by SWG metamaterial engineering, which will service a wide range of
applications leveraging the mature technology of integrated photonics.

The work presented in this chapter is part of a collaboration with the Emslie Group
in the Department of Chemistry and Chemical Biology at McMaster University. The
chapter contents comprise a manuscript in preparation by the authors and have been
included in the thesis to showcase an experimental demonstration that represents the
culmination of the concepts presented in all the previous thesis chapters. In particular,
it combines the flexibility of SWG metamaterial-engineered SiN PICs with the power of
high-index glass cladding materials doped with RE ions (primarily Er3+) for the spe-
cific application of on-chip optical amplification. Section 5.1 introduces the background
and motivation for the different subcomponents of our proposed amplifier, including
SiN PICs, SWG metamaterial structures, and RE-based optical amplifiers and lasers.
Section 5.2 reiterates the design process for developing waveguides with high mode over-
lap with the cladding gain material. Section 5.3 discloses the fabrication methods used
to manufacture SiN-based SWG metamaterial waveguide devices and produce highly
conformal Er-doped Al2O3 films using tALD. Section 5.4 describes the passive and ac-
tive characterization steps and presents the experimental results for the fabricated SiN
SWG metamaterial waveguides coated in the optically active hybrid Al2O3/Er2O3 films.
Finally, Section 5.5 summarizes the chapter and emphasizes the potential of SWG meta-
materials in SiN PICs for active and nonlinear optical applications.

Abstract

We propose and demonstrate SiN-based SWG metamaterial waveguides coated in hybrid
Al2O3/Er2O3 thin films. The waveguides are designed to achieve up to 55% mode overlap
between the Floquet-Bloch mode and the Er-doped top cladding material, which offers
excellent potential for applications in light amplification and lasing. The waveguides
are fabricated using a commercial SiN prototyping foundry process based on electron
beam lithography (EBL) technology, enabling critical dimensions down to 100 nm. The
cladding gain material is grown directly onto the SiN waveguides using a BEOL tALD
process and periodic Al2O3/Er2O3 heterocycle approach, producing high purity thin
films that uniformly fill the space around the grating segments where modal interaction
is the greatest. Experimental characterization of the fabricated SWG devices reveals a
background propagation loss as low as 1.3 dB/cm, which is comparable to wire waveg-
uides fabricated on the same SiN platform and coated with the same gain medium. A
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signal enhancement of ∼8.6 dB at 1533 nm wavelength is demonstrated in a 0.64 cm long
SWG waveguide when pumped by 1480 nm laser diodes with a total launched power of
148 mW. These results demonstrate an enhancement factor of ∼3.8 dB over equivalent
SiN wire waveguide test structures and illuminate the promise of SWG metamaterial
waveguide structures for the next generation of active and nonlinear integrated photonic
devices in SiN.

5.1 Introduction

SiP is an advanced modern technology driving the development of scalable, cost-effective,
high-quality PICs due to its ability to leverage established microelectronics fabrication
processes [1]. The promises and successes of SiP over recent decades have bred a healthy
ecosystem among integrated device manufacturers, tech companies, academic institu-
tions, and photonics startups and design houses, utilizing a fabless foundry model to
inspire innovation of new integrated optical devices and microsystems [2; 3]. SiN is a
complementary material for integrated optical devices that has developed in parallel to
Si thanks to their shared mature fabrication methods [4; 5]. Unlike silicon-on-insulator
(SOI), SiN has a moderate refractive index contrast with silicon dioxide (SiO2, ∆n ∼ 0.5)
that relaxes susceptibility to fabrication error and reduces losses related to scattering,
coupling, and birefringence [6]. Its large bandgap (∼5 eV) enables optical transparency
throughout the VIS and NIR spectra and produces negligible TPA losses that make it
a beneficial core material for nonlinear optical devices [6]. Furthermore, foundries de-
veloping integrated photonic devices around the SiN material have varying structural
arrangements, so the design parameters of SiN waveguides are much more flexible com-
pared to standard SOI platforms [4; 7]. These benefits have made SiN an appealing
material platform for applications such as free-space communications, biomedical and
environmental sensing, imaging, spectroscopy, beam steering for LiDAR, quantum com-
puting, and artificial intelligence [1; 2].

SWG metamaterials have become fundamental building blocks in integrated photon-
ics because they offer greater design flexibility and unprecedented lithographic control
over the electromagnetic field distribution throughout the chip [8]. Many silicon photonic
components, such as waveguides, fiber-chip couplers, crossings, filters, switches, and
multiplexers, have incorporated SWG metamaterials for improved device performance
and capabilities such as ultrabroadband operation, low-loss response, and sophisticated
management over polarization, anisotropy, and dispersion [9; 10; 11]. SWG metamaterial
waveguides have lower effective index compared to their wire waveguide counterparts,
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which results in relaxed modal confinement, a larger evanescent field, and enhanced
interaction with the environment outside the waveguide core. This principle has been
exploited in silicon photonic evanescent field sensors showcasing exceptional bulk and
surface sensitivity metrics in a variety of sensing architectures and SWG waveguide
topologies [11; 12; 13]. The same strategy can not only be applied to SWG sensors on
other integrated photonic platforms [14; 15], but also to other applications that benefit
from increased spatial mode distribution outside the waveguide, such as optical ampli-
fication [16]. We recently demonstrated SWG metamaterials ring resonators fabricated
on a SiN foundry platform [17]. Compared to SOI, the implementation of SWG meta-
materials in moderate index contrast SiN generates a larger mode overlap with the local
environment surrounding the waveguide, which can lead to higher sensitivity in sensors
and greater gain for optical amplifier and laser devices utilizing a cladding gain medium.
This mode overlap can be further enhanced by replacing conventional top cladding ma-
terials, such as SiO2, water, and air, with high refractive index (n > 1.6) glass materials
[16].

Compact amplifiers and light sources are crucial components for compensating gain
in optoelectronic integrated circuits and meeting power requirements for optical inter-
connects and in other SiP applications [2; 18]. Poor light emission directly in Si due
to its indirect bandgap has been the greatest hurdle in making SiP the penultimate
PIC platform [19; 20]. As a result, other methods for realizing light sources on sili-
con chips have been heavily investigated, including heterogeneous integration or epi-
taxial growth of III-V semiconductors, germanium (Ge) and Ge-tin alloys, stimulated
Raman emission in Si, SiN-based parametric oscillators, and RE-doped thin films and
gain media [21; 22; 23; 24; 25]. Among these, RE-doped materials have shown signif-
icant promise as gain media for advanced circuits on silicon with advantages such as
high optical output power, low noise figures, strong thermal stability, narrow intrinsic
linewidth, low lasing threshold, and broadband optical gain and lasing across various
spectral regions [26; 27; 28]. A prime example of this is the recent demonstration of an
ultralow-loss Er-doped Si3N4 waveguide amplifier enabled by high-energy ion implanta-
tion, which exhibited >145 mW on-chip output power and a measured noise figure of
∼7 dB at a net gain of >20 dB [29]. To acquire gain in moderate or low confinement
SiN waveguides (thickness tSiN< 0.4 µm), RE-doped glasses are an appealing option
due to their single-step, BEOL deposition process, which enables scalable, monolithic
integration and a roadmap towards mass production of low-cost, high-volume on-chip
light sources [27]. Al2O3 has been extensively explored for waveguiding and as an opti-
cally active material to monolithically integrate with silicon-based waveguides due to its
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moderately high refractive index (n ∼ 1.65, λ = 1550 nm), wide optical transparency,
compatibility with RE ion dopants, low thermo-optic coefficient as a host medium, and
strong chemical and mechanical stability [27; 30]. Various RE-doped Al2O3 amplifier
and laser devices grown onto silicon chips and PICs using a reactive co-sputtering de-
position have been extensively explored and demonstrated over the last two decades
[31; 32; 33; 34; 35; 36; 37; 38; 39; 40; 41; 42; 43; 44]. Al2O3 grown via ALD is also
of interest in this application space due to the self-limiting growth conditions of Al2O3

monolayers that produce pure films with excellent uniformity and low loss [45; 46; 47].
Er-doping can be incorporated into the ALD process by inserting Er cycles between the
Al2O3 cycles to manufacture highly conformal gain media for on-chip amplifiers [48].
The resulting material is a hybrid Al2O3/Er2O3 thin film with atomic concentrations of
the constituent materials that can be precisely controlled through the deposition param-
eters. ALD Er-doped Al2O3 has already been demonstrated as a gain medium in ridge
waveguide amplifiers [48; 49] and hybrid SiN slot and strip waveguide amplifiers [50; 51].
Slot waveguides greatly benefit from the ALD growth process since the deposited ma-
terial completely fills in the nanoscale gap between the SiN waveguide rails [52; 53].
This phenomenon can be exploited for SWG metamaterial waveguides requiring Al2O3

thin film claddings, which also feature nanovoid spaces between the waveguide grating
segments.

Here, we discuss the design, fabrication, characterization, and results of SiN-based
SWG metamaterial waveguides coated in ALD Al2O3 and hybrid Al2O3/Er2O3 thin
films. Using photonic computer-aided design (CAD) simulation software tools from An-
sys Lumerical, the waveguides are designed for maximum mode overlap with the cladding
gain material (i.e., Al2O3/Er2O3) while maintaining reasonable footprint (i.e., bend ra-
dius) and mode effective index and area. The SiN waveguides are fabricated using a
commercial SiN prototyping foundry process [54]. The ALD films are grown at a tem-
perature of 250 °C in a custom-built ALD reactor using a tALD process that utilizes se-
quential pulses of de-ionized (DI) water and trimethylaluminium (TMA, i.e., AlMe3) pre-
cursors for the Al2O3 films, and DI water and tris(methylcyclopentadienyl)erbium(III)
((CpMe)3Er) precursors for the Er2O3 layers within the Al2O3/Er2O3 films [55]. Mea-
surements using a variable angle spectroscopic ellipsometer (VASE) and prism coupler
system were performed on undoped and Er-doped Al2O3 planar waveguide samples de-
posited on Si and thermal SiO2/Si substrates, respectively. The measured optical prop-
agation loss in the undoped Al2O3 films range from 1.2 dB/cm (λ = 518 nm) to near
lossless (λ = 1550 nm), and background losses as low as 0.25 dB/cm are reported in the
940-1000 nm wavelength range for the Er-doped Al2O3 films. The ALD Al2O3-coated
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SiN SWG metamaterial waveguides were characterized on an edge coupling lab setup and
had a propagation loss of 2.5 ± 0.3 dB/cm and a coupling loss of 2.9 ± 0.1 dB/facet across
the C- and L-bands via the cutback method [56]. Both strip/wire and SWG metamate-
rial waveguides coated in various hybrid ALD Al2O3/Er2O3 films exhibited background
propagation losses as low as 1.3 dB/cm. The setup was later adjusted to incorporate
two 1480 nm laser diodes as a bidirectional pump source so the Al2O3/Er2O3-coated
devices could be tested as waveguide amplifiers. Gain measurements showed maximum
signal enhancements of 4.80 and 8.57 dB in wire and SWG metamaterial waveguides
with the same waveguide length and Al2O3/Er2O3 films, respectively, highlighting the
enhanced gain factor in the SWG waveguide caused by greater modal confinement with
the gain material. However, similar background losses from Er absorption and waveg-
uide scattering prevented internal net gain in all measured devices. Future steps include
rapid-thermal annealing (RTA) of the waveguide samples to drive out excess organic con-
taminates leftover from precursor materials during deposition that can induce undesir-
able luminescence quenching and spontaneous emission. Other strategies for optimizing
the waveguide design and film deposition process are also discussed. Expanding upon
the works of other Al2O3/Er2O3 ALD on-chip amplifiers, these results show promise for
monolithic integration of optically active ALD Al2O3 claddings on SiN waveguide optical
amplifiers and lasers and provide many new avenues for exploring SWG metamaterials
in integrated photonics waveguides.

5.2 Design

5.2.1 2D FDE simulations

A 2D finite difference eigenmode (FDE) solver was used to study the fundamental trans-
verse electric (TE) mode profiles of various Al2O3-clad SiN SWG metamaterial waveg-
uide structures approximated using effective medium theory (EMT) [57]. Fig. 5.1(a)
depicts a cross section of the simulated structure. A 400 nm SiN waveguide thickness
(twg) and 4.5 µm SiO2 BOX thickness (tBOX) were predetermined by the foundry process
[54]. The refractive indices of the relevant materials at 1550 nm wavelength are nSiN =
1.9974 [54], nAl2O3 = 1.637 [47], nSiO2 = 1.444 [10], and nAir = 1. The variable param-
eters in the FDE simulations are the waveguide width (wwg), SWG duty cycle (δ), and
Al2O3 cladding thickness (tAl2O3). wwg and δ are adjustable within the SiN waveguide
fabrication limits (i.e., the minimum feature size (MFS)) set by the foundry, which, in
this case, is 120 nm. From EMT, δ and the refractive indices of the constituent materials
of the SWG waveguide (i.e., n1 = nSiN and n2 = nAl2O3) are responsible for determining
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Figure 5.1: (a) Cross sectional diagram of FDE-simulated Al2O3-
coated SWG metamaterial waveguide approximated using EMT.
(b) Approximated core refractive index of SWG waveguide with
SiN core and Al2O3 cladding materials as a function of SWG duty
cycle based on EMT calculation.

the SWG core refractive index (nSWG). Fig. 5.1(b) summarizes the nSWG values with
respect to δ for these specific materials. The bounds of tAl2O3 are determined by the
limitations of the post-process ALD system. For our simulations, we chose 100 nm and
500 nm as the lower and upper limits for the Al2O3 cladding thickness, respectively. At
least 100 nm is required to provide acceptable mode effective index and mode overlap
factor results, and ALD film thicknesses above 500 nm become difficult to fabricate due
to the excessive deposition time on the scale of days as well as imposed wear-and-tear
that diminishes film quality and damages the ALD reactor. Explanation of the latter
will be discussed in greater detail in Section 5.4.1.

Fig. 5.2 highlights the results of the FDE simulations using colour maps. Each row
corresponds to a different result, including mode effective index (neff), group index (ng),
mode overlap with the Al2O3 cladding (γAl2O3), and mode confinement factor in the
Al2O3 cladding (ΓAl2O3), whereas each column represents a particular δ value for the
SWG waveguide under investigation. For clarity, δ = 1 is analogous to a conventional
strip/wire waveguide. The colour maps exhibit the result value as a function of wwg

and tAl2O3 . wwg values between 0.5 and 1.5 µm were simulated to account for large
discrepancies in the core refractive index, depending on δ.

Two regions of each colour map are whited out. The bottom left region represents
lossy modes with low neff (<1.47) suffering greatly from substrate leakage. The top
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Figure 5.2: 2D FDE simulated (a) mode effective index (neff),
(b) group index (ng), (c) mode overlap with the Al2O3 cladding
(γAl2O3), and (d) mode confinement factor in the Al2O3 cladding
(ΓAl2O3) for EMT-approximated SWG metamaterial waveguides
with varying waveguide width (wwg) and Al2O3 cladding thickness
(tAl2O3) and fixed duty cycles (δ) of (i) 0.5, (ii) 0.7, and (iii) 1.

right region features multimode waveguides outside the scope of this thesis. In the FDE
simulation, a mode is supported by the waveguide if its effective index is greater than
the slab mode effective index (nslab

eff , i.e., simulated neff of the same structure in Fig.
5.1(a) but with no waveguide and no cladding ridge present). The boundary between
the single mode and multimode waveguides is the single mode cutoff (SMC) condition,
which indicates the wwg value for each tAl2O3 value where the first order TE mode
(TE01) effective index surpasses the nslab

eff threshold. Only waveguides in the coloured
section between these two outer white regions are considered for our designs. The white
vertical lines on the colour maps indicate the wwg values that were selected for our
designs. Specifically, wwg = 1 µm was used for SWG waveguides with δ = 0.5 and
wwg = 0.75 µm was used for the reference strip waveguide structures (δ = 1). The
chosen waveguides are single mode regardless of tAl2O3 . Their mode profiles with the
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Figure 5.3: 2D FDE simulated TE mode profiles for selected
strip waveguide with (a) 100 nm and (b) 500 nm Al2O3 cladding
thickness, as well as selected SWG metamaterial waveguide with
(c) 100 nm and (d) 500 nm Al2O3 cladding thickness. The core
refractive index of the SWG waveguide with δ = 0.5 is approximated
using EMT.

minimum and maximum simulated tAl2O3 values (i.e., 100 nm and 500 nm, respectively)
are depicted in Fig. 5.3, and the simulation results are summarized in Table 5.1. Both
waveguides with tAl2O3 = 100 nm are just above the neff cutoff (< 1.47) and have very
low γAl2O3 metrics. This is because the thin cladding layer has such a small area that
limits γAl2O3 , and it does not provide much support for pulling the mode out of the
BOX. This is more evident in the SWG waveguide, which has a much smaller nSWG

that makes it more susceptible to substrate leakage [58]. This prompts us to aim for a
greater tAl2O3 during fabrication, which will be discussed in more detail in Section 5.3. A
lower nSWG is also what generates greater γAl2O3 in SWG waveguides over conventional
strip waveguides, particularly for higher tAl2O3 . However, for tAl2O3 = 500 nm, γAl2O3 is
about the same between the two waveguide types. This is because the widths for each
waveguide type were selected to push the single mode condition as far as possible. When
wwg is equivalent, the SWG waveguide has much greater mode overlap with the Al2O3

cladding (e.g., for wwg = 0.75 µm, γAl2O3 = 0.4 for the SWG waveguide while γAl2O3 =
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Table 5.1: 2D FDE simulation results for selected SiN-Al2O3

waveguides designs shown in Fig. 5.3.

Parameter / Waveguide type
result Strip/wire SWG*

Waveguide width (µm) 0.75 1
Duty cycle 1 0.5
Al2O3 thickness (µm) 0.1 0.5 0.1 0.5
Effective index 1.555 1.65 1.496 1.586
Group index 2.088 1.986 1.841 1.811
Al2O3 mode overlap 0.095 0.316 0.077 0.337
Al2O3 confinement factor 0.121 0.382 0.086 0.372
* EMT approximated.

0.316 for the strip waveguide). A 0.75 µm width for the SWG waveguide could have been
used in the SWG waveguide design to achieve greater γAl2O3 , but it also generates lower
neff, thus increasing loss caused by substrate leakage and bend radiation. Because this is
a novel waveguide device on an uncommon hybrid material platform, we opted for safe
operating parameters that would produce realistic initial results that can be improved
upon in a future design for a more specific application. It is also worth noting that these
initial overlap values are just estimates based off EMT. Generally, 3D finite-difference-
time-domain (FDTD) simulations reveal higher overlap values for SWG waveguides since
the mode field in the gap between the gratings is considered in the overlap calculation
performed on the Floquet-Bloch mode [17]. This will be disseminated in the next section.

5.2.2 3D FDTD simulations

A 3D FDTD solver was used to calculate the Floquet-Bloch modes, dispersion relations
and corresponding effective and group indices of the SWG waveguides with parameters
obtained from the FDE simulations. Because these simulations acquire optical infor-
mation across a broad spectrum, it is imperative to consider the full dispersion profile
for each material involved in the waveguide structure. Fig. 5.4 highlights the refractive
and group indices for the low pressure chemical vapour deposition (LPCVD) SiN waveg-
uide, the ALD Al2O3 cladding, and the SiO2 BOX, which are imported into the FDTD
model. The refractive index material data used for the Al2O3 cladding is obtained from
the VASE measurements of film AE03 (see Section 5.4.1). The group index of each
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Figure 5.4: Refractive and group indices of (a) SiN, (b) SiO2, and
(c) Al2O3 materials used in FDTD simulations.

material is acquired using the following equation:

ng(λ) = n(λ) − λ
dn(λ)

dλ
. (5.1)

Fig. 5.5 shows a full 3D model of the structure simulated in FDTD. The simulation
environment is fixed around a single unit grating cell with a length of Λ and Bloch
boundary conditions along the propagation axis. This emulates an infinitely repeating
1-D photonic crystal, like the one shown in Fig. 5.5, by re-injecting the fields incident on
the output boundary back into the simulation region via the input boundary. Perfectly
matched layer (PML) boundaries are applied along the transverse edges of the simulation
window to absorb and record evanescent fields that contribute to radiation loss. The
same simulation setup, procedure and analysis described in [59] was used to obtain the
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Figure 5.5: 3D model of Al2O3-coated SiN SWG metamaterial
waveguide structure simulated in FDTD.

first (lowest) order photonic band for our SWG metamaterial waveguides, which are
plotted in Fig. 5.6(a). The SWG waveguide parameters collected from the 2D FDE
simulation are used, along with two different grating periods (Λ = 400 nm and 440
nm) and three different Al2O3 cladding thicknesses (tAl2O3 = 100 nm, 300 nm, and 500
nm). The dispersion relations are expressed in terms of free space wavelength for better
comparison with the corresponding effective and group index results (Fig. 5.6(b-c)) and
the experimental results, which will be discussed in a later section. Effective and group
indices are calculated such that:

neff = c

vp
= c

ω/k
, (5.2)

ng = c

vg
= c

dω/dk
. (5.3)

The dispersion relations reveal information about the operating regimes of the device
and where they are located along the electromagnetic (EM) spectrum. Each band be-
haves like a regular homogeneous waveguide in the deep subwavelength regime where the
slope is steeper. As k increases closer toward the band edge (k = π/Λ), the bands begin
to flatten, causing a rapid decrease (increase) in the group velocity (index) that results
in slow light behaviour [60; 61]. Wavelengths below the band edge wavelength (λBE =
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Figure 5.6: 3D FDTD simulated (a) dispersion relation and (b)
corresponding effective (top) and group (bottom) refractive indices
for Al2O3-coated SiN SWG metamaterial waveguide structure. Leg-
end values in (a) indicate Al2O3 cladding thickness (tAl2O3) on left
and grating period (Λ) on right, both in units of nm.

λ(k = π/Λ)) exist in the photonic bandgap, where the Bragg condition is fulfilled [8].
Light in this spectral regime recognize the discontinuities in the alternating media, which
prohibit forward propagating modes. From Fig. 5.6(a), redshifting of λBE is observed
as both Λ and tAl2O3 increase. Changes in Λ cause a more significant shift in λBE due to
their proportional relationship in the Bragg condition. tAl2O3 only has a small effect on

149

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/engphys/


Ph.D. Thesis–Cameron M. Naraine; McMaster University–Engineering Physics

increasing neff to cause changes in λBE. All simulated waveguides feature subwavelength
operation at 1550 nm wavelength. Λ = 400 nm was selected for the primary waveg-
uide design to enable deep subwavelength mode propagation across the C-band. Λ =
440 nm was selected for a secondary waveguide design focused on enabling slow light
behaviour of the 1477 nm pump source wavelength used to excite Er3+ ions implanted
in the Al2O3 film. This phenomenon enhances light-matter interaction, which can help
improve gain metrics [62]. Fig. 5.6(a) shows that λBE ∼ 1467 nm when tAl2O3 = 500
nm. Further testing and optimization could be performed to pinpoint the exact tAl2O3

value required to place λBE on the 1477 nm pump source wavelength and calculate the
slow light factor based on ng. However, the slow light region is very hard to pinpoint
due to its narrow bandwidth (e.g., a few nm where ng > 10), the nm-scale uncertainty
of the λBE calculation, and the high sensitivity to fabrication imperfections.

Table 5.2: 3D FDTD results for simulated Al2O3-coated SiN
SWG metamaterial waveguide structures.

tAl2O3 (µm) 0.1 0.1 0.3 0.3 0.5 0.5
Λ (µm) 0.4 0.44 0.4 0.44 0.4 0.44

λBE (nm) 1313.15 1416.45 1344.66 1456.01 1352.55 1467.13
neff 1.51 1.515 1.574 1.58 1.599 1.605
ng 1.923 1.974 1.946 2.007 1.904 1.974

γAl2O3 0.3 0.299 0.454 0.426 0.55 0.504
ΓAl2O3 0.352 0.361 0.54 0.522 0.639 0.607
Fig 5.7 a) b) c) d) e) f)

The Floquet-Bloch mode profiles of each FDTD simulated device at 1550 nm wave-
length are illustrated in Fig. 5.7. Table 5.2 summarizes the results of all the FDTD
simulation results, including the mode overlap with the Al2O3 cladding (γAl2O3) and the
Al2O3 confinement factor (ΓAl2O3), which are calculated such that [50]:

ΓAl2O3 = ng
eff

ng
Al2O3

γAl2O3 = ng
eff

ng
Al2O3

∫∫∫
Al2O3

nAl2O3(2ng
Al2O3

− nAl2O3)|E|2dxdydz∫∫
∞ n(2ng − n)|E|2dxdydz

, (5.4)

where nAl2O3 and n are the refractive index of the Al2O3 and the material located at the
corresponding Cartesian coordinates, respectively, and ng

eff, ng
Al2O3

, and ng are the group
indices of the effective waveguide mode, the Al2O3 material, and the material located at
the corresponding Cartesian coordinates, respectively. This expression is an extension
of Eq. 1.3 and Eq. 1.4, originally derived for high-index-contrast waveguides [63], but
with consideration of the material dispersion, and treating Al2O3 as the active medium.
The maximum overlap values obtained from the simulations were γAl2O3 = 0.550 and
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Figure 5.7: 3D FDTD simulated Floquet-Bloch mode propaga-
tion through the Al2O3-coated SiN SWG metamaterial waveguide
(left) and corresponding TE mode profiles across the SiN segments
(top right) and within the gap between the SiN segments (bottom
right) for waveguides with different simulated tAl2O3 and Λ values.
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ΓAl2O3 = 0.639 in the waveguide with Λ = 400 nm and tAl2O3 = 500 nm. Comparing the
Floquet-Bloch mode profiles with the same tAl2O3 but different Λ (e.g., Fig. 5.7(e-f)), the
lower grating period increases the index homogenization effect through the waveguide,
resulting in greater modal distribution across the gaps between the grating segments
filled with Al2O3 cladding material. This reveals that γAl2O3 can be enhanced not only
by increasing tAl2O3 , but also by decreasing Λ. This effect is less applicable for lower
tAl2O3 where the cladding does not fill the entire gap, such as tAl2O3 = 100 nm in Fig.
5.7(a-b), where γAl2O3 for each mode are almost identical. The mode overlap results
are also much higher than those obtained from the 2D FDE simulation (γAl2O3 = 0.337
and ΓAl2O3 = 0.372 for a waveguide with tAl2O3 = 500 nm), thanks to the inclusion of
the mode field between the grating segments that is disregarded in the numerator of the
2D overlap integral calculation. This stresses the importance of 3D FDTD simulations
for SWG metamaterial waveguides designed to optimize the mode overlap with the
environment surrounding the core waveguide material.

5.3 Fabrication

5.3.1 SiN waveguides

Our SWG metamaterial waveguides were fabricated using the commercial SiN platform
from Applied Nanotools Inc. (ANT) [54]. The platform features a 400 nm-thick LPCVD
SiN device layer (n ∼ 2) on a 4.5 µm-thick BOX. Direct-write EBL was used to etch out
the waveguide structures with an MFS of ∼120 nm. The fabrication process involves
minimal risk of stress-induced film cracking and promises moderate confinement, single
mode waveguides with losses in the NIR spectrum that are competitive with SiN devices
produced by other integrated photonics foundries [7].

Fig. 5.8 shows the fabricated waveguides in a spiral topology, which were used to
assess the propagation loss using the cutback method. To reduce the device footprint,
the half-circle bends in the center section of the spiral design were composed of a wire
waveguide with 0.75 µm width, which has a much lower minimum bend radius over
the selected SWG waveguide design (from FDE simulation: 180 µm vs. 400 µm, re-
spectively, for 1 µm Al2O3 cladding thickness and TE polarization). The smallest bend
radii used in the spiral circuit are 250 µm and 515 µm for the chosen wire and SWG
waveguides, respectively. This wire center section was connected to the rest of the SWG
spiral using a 100-µm long SWG-wire mode transformer on each end. The wire bridge
width, SWG segment width and grating period were linearly chirped through the mode
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Figure 5.8: (a) Mask layout schematic and (b) corresponding op-
tical microscope image of fabricated Al2O3-coated SiN SWG meta-
material waveguides in a spiral configuration with varying lengths.

transformer to alleviate unwanted Fabry-Perot resonances in the wavelength range of
interest. A grating segment length (δΛ) was fixed at 150 nm through the transformer
and a minimum grating period (Λ) of 300 nm was applied at the wire waveguide end of
the transformer. The spiral was purposely elongated from a conventional Archimedean
spiral to make room for the straight mode transformers without having any direct impact
on the device performance. The chips were removed from the fabrication line prior to
SiO2 upper cladding deposition to allow for post-process deposition of our ALD Al2O3

and Al2O3/Er2O3 films directly onto the exposed waveguides.

5.3.2 ALD of undoped and Er-doped Al2O3 thin films

Our ALD thin films were grown using a tALD process (reactor shown in Fig. 5.9) that
sequentially pulses liquid precursors into a vacuum chamber based on the material being
deposited. Al2O3 monolayers were constructed from TMA and DI water precursors,
while Er2O3 monolayers were assembled from (CpMe)3Er and DI water precursors. The
undoped Al2O3 films were grown layer by layer using the same deposition parameters
(e.g., precursor pulse times, cycle purge time, etc.) until the desired thickness was
achieved. On the other hand, the hybrid Al2O3/Er2O3 films used a X:Y ratio macrocycle
technique, where X number of Al2O3 layers were grown, followed by Y number of Er2O3

layers [49; 64]. Each macrocycle, consisting of X + Y monocycles of their respective
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materials, was repeated until the target thickness was reached. The Al2O3 and Er2O3

cycles each had their own fixed deposition parameters to accommodate the material being
grown and the surface in which it grew on. For each of our hybrid Al2O3/Er2O3 films, 1
Er2O3 layer was grown per macrocycle (i.e., Y = 1). Therefore, Er2O3 was only grown
onto pre-deposited Al2O3, whereas Al2O3 layers could be grown on Al2O3, Er2O3, or the
original substrate material, depending on the step in the overall deposition. Different
surface chemistries have different effects on the film growth quality. These characteristics
can be optimized but that study is outside the scope of this thesis.

Figure 5.9: Custom tALD reactor. (a) 2 ALD reactors with cor-
responding electronics racks below them in a vented enclosure. (b)
Right-side ALD reactor with reaction chamber, attachment points
for RT bubblers, and MFCs for gas delivery shown. (c) Open ALD
reaction chamber with heated substrate stage and 8 precursor in-
lets at the top of the reactor shown. (d) Zoomed in image of the
reaction chamber. Inset shows inserted stage with clip-mounted
waveguide chips and substrate samples receiving ALD films.

Both Al2O3 and Al2O3/Er2O3 films were deposited onto witness samples containing

154

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/engphys/


Ph.D. Thesis–Cameron M. Naraine; McMaster University–Engineering Physics

Si and 6 µm-thick SiO2/Si substrates, as well as fabricated chips with exposed SiN waveg-
uides. The prepared samples underwent an O2 plasma surface cleaning and activation
process (Harrick Plasma PDC-32G Basic Plasma Cleaner) before being clip-mounted to
the ALD chamber stage (see Fig. 5.9(d) inset). A process temperature of 250°C was
used for all our ALD films since it provides sufficient thermal energy to promote surface
reactions for reasonable self-limiting growth rates (∼1.5 Å/cycle) of Er2O3 films with
relatively low impurity (i.e., H and C) concentrations [55]. It also avoids undesirable
crystallinity in the predominantly amorphous Al2O3 film structure produced around
300°C [30], as well as detrimental thermal decomposition of the (CpMe)3Er precursor
that occurs beyond 350°C [55].

Various undoped Al2O3 films were deposited as calibration runs. The final run (code
named “A06”) was deposited onto SiN chips with waveguides described in Section 5.2.
This deposition featured a total of 5060 Al cycles. Afterwards, the Er2O3 film deposition
process was calibrated and multiple hybrid Al2O3/Er2O3 films (code named “AE02–
AE05”) were deposited around the same thickness but with different cycle ratios to
obtain a variety of volumetric Er concentrations for assessment. The same pulse and
purge times were used for each deposition. Both AlMe3 and H2O precursors had pulse
times of 0.05 seconds in the Al2O3 deposition cycles, which featured a purge time of 60
seconds. When implemented, the Er2O3 cycles used (CpMe)3Er and H2O pulse times of
7 and 0.1 seconds, respectively, and a 180 second purge time. Table 5.3 summarizes any
variable deposition parameters used for each of the Al2O3/Er2O3 ALD runs.

Table 5.3: Summary of variable parameters used for ALD
Al2O3/Er2O3 film depositions.

Film code AE02 AE03 AE04 AE05
# macrocycles 250 133 90 69

Al:Er cycle ratio 10:1 20:1 30:1 40:1

5.4 Characterization

5.4.1 Film characterization

All Al2O3 and hybrid Al2O3/Er2O3 films mentioned in Table 5.3 were characterized
using a VASE (J. A. Woollam M-2000 VASE), accessed via the Centre for Emerging
Device Technologies (CEDT), and a prism coupler system (Metricon 2010/M). These
measurement apparatuses are depicted in Fig. 5.10. The VASE was used to extract
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film thickness and material dispersion (i.e., refractive index) data across a 400-1700 nm
wavelength range for each ALD film deposited on bare Si substrates. The prism coupler
was primarily used to assess the optical propagation loss through the ALD film grown
on thermal SiO2/Si substrates.

Figure 5.10: (a) J. A. Woollam M-2000 VASE and (b) Metricon
2010/M prism coupler system used for characterizing ALD Al2O3
and Al2O3/Er2O3 films.
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Figure 5.11: ALD Al2O3 (A) and Al2O3/Er2O3 (AE) film charac-
terization results obtained from the VASE. Measured film refractive
index (a) as a function of wavelength and (b) with respect to Al:Er
cycle ratio for 632.8 nm and 1550 nm wavelengths.

The material refractive index results acquired from the VASE are shown in Fig. 5.11.
The refractive index curves in Fig. 5.11(a) were obtained by fitting the measured VASE
data with a model based on Cauchy’s transmission equations [65]. Fig. 5.11(b) shows the
refractive indices at 632.8 nm (red) and 1550 nm (NIR) wavelengths for each film, which
are compared with respect to Al:Er cycle ratio. The undoped Al2O3 A06 film (Al:Er
cycle ratio = 0 in Fig. 5.11(b)) was the first to be grown onto waveguide chips. This film
exhibited a measured thickness of 721.5 ± 2.32 nm and measured refractive indices of
1.648 and 1.630 at 632.8 and 1550 nm wavelengths, respectively. The targeted thickness
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for this film was 500 nm. However, strange issues arose during the deposition that
prevented self-limiting growth and promoted chemical vapour deposition (CVD)-type
behaviour, leading to a greater thickness than expected. While the mode overlap with
the Al2O3 cladding material in the resulting film would certainly increase compared to
the targeted thickness, CVD-type film growth affects the film quality, especially around
the nanoscale SiN grating structures. Consequences of these issues will be assessed in
the discussion of the Metricon prism coupler results. The VASE results for the hybrid
Al2O3/Er2O3 films are summarized at the top of Table 5.4 (under the “VASE” heading).
The targeted thickness for each run was between 300-400 nm, which was achieved in all
cases and with low uncertainty (e.g., within ±5 nm). The dispersion profile of each
film highlighted in Fig. 5.11(a) closely resembles those demonstrated in literature [66].
The AE02 film showed notably greater refractive index across the measured spectra
due to the lower Al:Er cycle ratio promoting greater volumetric Er concentration in
the film. The refractive index does not vary much between the other three films. It
can be hypothesized that using the current ALD process, the low volume of Er3+ ions
in films with Al:Er cycle ratios greater than 20:1 do not produce notable changes to
the film refractive index. Al:Er cycle ratios less than 10:1 were not tested and could
potentially reveal refractive indices greater than the AE02 film that would help boost
the mode overlap with the ALD cladding material [49]. This can be optimized with
further investigation while considering the increased Er concentration and its effect on
absorption and photoluminescence properties.

Table 5.4: Summary of ALD Al2O3/Er2O3 film simulation and
measurement results.

Film code AE02 AE03 AE04 AE05
VASE

t [nm] 305.5 ± 0.23 380.8 ± 3.65 390.6 ± 0.62 357.4 ± 0.37
n (λ = 632.8 nm) 1.673 1.65 1.649 1.65
n (λ = 980 nm) 1.66 1.64 1.638 1.638

n (λ = 1550 nm) 1.654 1.635 1.633 1.633
RSoft

neff (λ = 980 nm) 1.488 1.503 1.504 1.493
Γ (λ = 980 nm) 0.539 0.647 0.659 0.603

Metricon
NEr [ions/cm3] 13.63 × 1020 5.27 × 1020 5.8 × 1020 3.4 × 1020

NEr [at. %] 1.51 0.58 0.64 0.38
αbg [dB/cm] 0.6 0.4 3.32 5.34
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The Metricon 2010/M prism coupler system was used to characterize the loss of TE
polarized light in the Al2O3 and hybrid Al2O3/Er2O3 ALD films grown on thermal SiO2

witness samples. The system is equipped with various laser sources so that the loss may
be assessed at different wavelengths, including 518, 638, 847, 980, 1310 and 1550 nm. The
latter three options are tunable wavelength sources that can be tuned within a reasonable
bandwidth from the center wavelength. The A06 Al2O3 film was characterized at all
wavelengths. Fig. 5.12 depicts the optimally coupled visible light streaks across the film
sample as well as the measured loss results with respect to wavelength. Losses below 1.2
dB/cm were measured for all wavelengths, with 1550 nm being nearly lossless.
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Figure 5.12: Measured A06 Al2O3 film loss with respect to wave-
lengths in the VIS and NIR spectra. Inset shows green (top) and
red (bottom) light propagation through Al2O3 film during prism
coupling measurements.

The two main loss mechanisms involved in the hybrid Al2O3/Er2O3 films are passive
(or background) loss due to light scattering in the film or along the material boundary
interfaces, and loss from active processes such as light absorption caused by Er3+ ions
in the film, particularly around 980 nm wavelength and throughout the S-, C-, and L-
bands. Prism coupling was used to experimentally determine the total Al2O3/Er2O3

film loss, which can be represented by the following relation [51; 67]:

αtotal(λ) = αbg(λ) + αEr(λ) = αbg(λ) + σEr(λ) · Γ · NEr · 10 log10(e), (5.5)

where αbg(λ) and αEr(λ) are the wavelength-dependent background losses of the film
unrelated and related to Er absorption, respectively, σEr(λ) is the Er absorption cross
section, Γ is the confinement factor in the film layer, NEr is the Er3+ ion dopant con-
centration, and 10 log10(e) is a log scale (dB) conversion term. By performing a linear
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regression fit over the measured total film loss data with respect to σEr(λ), we can
experimentally determine NEr (slope) and αbg(λ) (y-intercept) for the film.

930 940 950 960 970 980

Wavelength (nm)

0

2

4

6

8

L
o
ss

 (
d

B
/c

m
)

AE02

AE03

AE04

AE05

abs
 ( 10

-21
 cm

2
)

0

0 1 2 3

2

4

6

8

L
o

ss
 (

d
B

/c
m

)

AE02

AE03

AE04

AE05

990

(b)(a)

Figure 5.13: ALD Al2O3/Er2O3 (AE) film characterization re-
sults from Metricon prism coupler. (a) Measured film loss with
respect to wavelength (points) and corresponding absorption cross
section data from literature (lines). (b) Measured film loss with
respect to absorption cross section (points) with linear regression
fit over data used to extrapolate film background loss and Er ion
concentration (lines).

The hybrid Al2O3/Er2O3 films grown (AE02-AE05) were within the 300-400 nm
thickness range. However, an finite element method (FEM) solver (Synopsys RSoft
FemSIM) determined that an Al2O3 planar film with the A06 dispersion profile from
Fig. 5.11(a) atop a 6 µm-thick SiO2/Si substrate must have a thickness > 500 nm to
guide light at 1550 nm wavelength. Thicknesses below this suffer from low confinement
factor in the film and significant substrate leakage losses that greatly reduce the accu-
racy of the prism coupling loss measurements. Therefore, light within the 930-980 nm
wavelength range was used to characterize the loss and Er absorption properties of the
films. Absorption cross sections were assumed based on a study of another Er3+-doped
aluminate glass host with a peak absorption cross section of 2.26 × 10−21 cm2 near 978
nm wavelength [68]. The confinement factors were calculated using RSoft FemSIM by
modeling a 1-D planar waveguide featuring the refractive index data determined by the
VASE measurements shown in Fig. 5.11. The simulation results for each film at 980
nm wavelength are summarized in the middle of Table 5.4 (under the “RSoft” heading).
Fig. 5.13 shows the results from the prism coupling measurements, while the bottom of
Table 5.4 (under the “Metricon” heading) summarizes the results of the linear regression
fittings in Fig. 5.13(b). The atomic % concentration values in Table 5.4 are calculated
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from the absolute concentration such that [49]:

NEr[at. %] = NEr [ions/cm3]
9.02 × 1020 ions/cm3 . (5.6)

Most of the Er concentrations in our ALD films are much lower than those reported in
literature demonstrating Al2O3/Er2O3 waveguide amplifiers [49; 50; 51]. However, our
waveguides are much longer (e.g., cm scale, rather than mm- or µm-scale) and better
suited for achieving greater overall net gain with small signal gain. This requires lower
Er concentrations and lower injected pump powers to avoid fast saturation of the pump
source. SWG waveguides also have greater overlap with the gain medium than strip
and slot waveguides and therefore greater sensitivity to these saturation effects. Lower
Er concentrations also alleviate potential Er quenching issues that are a common gain
deterrent in Er-based waveguide amplifiers and lasers [69].

The best background losses of 0.6 and 0.4 dB/cm are exhibited in films AE02 and
AE03, respectively, which provide promising results for active gain media on our SiN
waveguide amplifiers. These two films have absolute Er concentrations of 13.63 × 1020

and 5.27 × 1020 ions/cm3. AE02 is comparable to the other ALD Al2O3/Er2O3 films
reported in literature and may possess better gain characteristics in shorter waveguide
devices, while AE03 is more promising for our longer waveguides. It is surprising that
the Er concentration in AE03 is lower than that of AE04, considering its lower Al:Er
cycle ratio. However, a small software malfunction occurred during the deposition of film
AE04 where the timing of the different valve openings was perturbed. This may have
alleviated self-limiting growth conditions, which would help explain the greater thickness
compared to all the other films, as well as the higher background loss over AE02 and
AE03. Films AE04 and AE05 have notably higher background losses of 3.32 and 5.34
dB/cm, respectively. Beyond the malfunction of AE04 deposition, it is suspected that the
high loss for these two films was caused by an issue called flaking. Past tests in our ALD
reactor have shown that multiple consecutive depositions generate a buildup of excess
material onto the surrounding chamber walls. After many runs, the leftover material
in the chamber begins to break off in small chunks or flakes during depositions and
becomes a contaminant in the growth of new films. These impurities severely diminish
the quality of new films, interrupt important deposition conditions such as self-limiting
growth, and can even cause damage to fine structures such as optical waveguides. The
flaking issue is accentuated when depositing thick (hundreds of nm) Al2O3 films over
long periods of time (days), such as ours, and becomes worse during later depositions
when the problem is left unattended. To solve the flaking issue, the ALD reactor must be
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Figure 5.14: Optical microscope images of (a) normal SiN waveg-
uides and (b) SiN waveguides damaged by flaking during the depo-
sition of ALD Al2O3/Er2O3 film AE05.

disassembled, and the chamber must be bead blasted carefully and completely. However,
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doing so requires complete recalibration of the system after cleaning. This will change
the deposition parameters for optimal film growth and eliminate consistency of the film
samples grown before and after the chamber cleaning, so we opted not to clean the
system until all films were deposited. Because AE04 and AE05 were deposited last, it
is suspected that this issue was the prime culprit for the high background loss in the
two films. Waveguide chips included in the AE05 deposition suffered heavy damage and
became unmeasurable in the waveguide characterization process. Fig. 5.14(b) shows
images of waveguides under an optical microscope, highlighting the irreversible damage
of the flaking that occurs during ALD.

Overall, the film characterization results from the Metricon are predicted to have high
uncertainty since the absorption cross section was assumed from another study rather
than being measured directly for each of our respective films. This will cause reasonable
uncertainty in the calculated Er concentrations for each measured film. Future steps
will involve spectroscopic measurements of each film sample to obtain the appropriate
absorption and emission cross sections so that a more accurate calculation of the Er
concentration and film background loss can be obtained. Alternatively, other film char-
acterization methods, such as Rutherford backscattering spectrometry (RBS), can be
performed on the film samples to directly measure and calculate the Er concentration.

5.4.2 Al2O3-coated waveguide characterization

The fabricated waveguide devices coated in ALD undoped Al2O3 underwent passive
characterization on a fiber-chip edge coupling setup. The optical signal path begins from
a 1510-1640 nm tunable laser source (Agilent 8168A Lightwave Measurement System),
where light is emitted through optical fiber and tuned to TE polarization using manual
polarization paddles. The light is coupled onto and off the chip via 2.5 µm spot size
lensed fibers and is collected by an indium gallium arsenide (InGaAs) photodetector at
the end of the signal path. Once fiber-chip coupling is optimized, a MATLAB script is
used to sweep the laser wavelength and plot the collected optical power at the detector.
The acquisition is performed for multiple SWG metamaterial waveguide spirals, like
those shown in Fig. 5.8. The results for waveguides coated in ALD Al2O3 film A06
are plotted in Fig. 5.15. The transmission spectra in Fig. 5.15(a) show the measured
insertion loss, which only includes loss related to light propagation through the SWG
waveguide and light coupling between fiber and chip. Each waveguide has a different
length, as indicated by the legend. The insertion loss for each device is collected at
specific wavelengths and plotted with respect to SWG waveguide length in Fig. 5.15(b).
A linear regression fit is performed over each data series to reveal the propagation loss
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Figure 5.15: Passive measurement results for fabricated Al2O3-
coated SiN SWG metamaterial waveguides. (a) Measured TE-
polarized transmission spectra of spiral waveguides with varying
length. (b) Measured and fitted insertion loss with respect to
SWG waveguide length for various wavelengths across the C- and
L-bands. Calculated (c) propagation and (d) coupling loss across
all measured wavelengths using linear regression fitting technique
from (b).

(slope) and coupling loss (y-intercept) of the general waveguide structure. The Al2O3-
coated SiN SWG metamaterial waveguide reveals propagation losses of 2.8, 2.4, 2.3, and
2.2 dB/cm for 1530, 1550, 1565, and 1625 nm wavelengths, respectively. This method can
be applied over all wavelengths and plotted with respect to propagation and coupling
loss, as illustrated in Fig. 5.15(c-d). A strange transmission distortion is observed
across all waveguides near 1587 nm wavelength. Such artifacts have been reported
in measured transmission spectra of silicon SWG waveguides for TE polarization due
to fabrication glitches with interconnecting wire waveguides [70]. It is possible that
such an error occurred in the fabrication of the SWG-wire mode transformers in our
spirals. Disregarding this anomaly, the fiber-chip coupling loss for this specific waveguide
structure is 2.9 ± 0.1 dB/facet across all measured wavelengths. Higher propagation loss
around 3 dB/cm is reported near 1520 nm, which likely corresponds to light absorption
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from hydrogen impurities in both the SiN waveguide (in the form of N-H and Si-H
bonds [71]) and the Al2O3 film (in the form of O-H bonds [31; 47]). Meanwhile, the best
measured propagation loss is ∼2 dB/cm, which is comparable to the reported background
loss of similar SiN strip waveguides coated in hybrid ALD Al2O3/Er2O3 [51].

5.4.3 Al2O3/Er2O3-coated waveguide characterization

Waveguides coated in hybrid Al2O3/Er2O3 films underwent the same passive characteri-
zation described above to obtain the background propagation loss through the waveguide
under investigation. 1650 nm wavelength is assumed to have negligible absorption losses
from the presence of Er ions in the ALD film, so the propagation loss at this wavelength
acquired via the cutback method is used to classify the passive waveguide background
loss.

1450 1500 1550 1600 1650

Wavelength (nm)

-40

-30

-20

-10

0

In
se

rt
io

n
 l

o
ss

 (
d

B
)

0.64 cm

1.08 cm

1.51 cm

0.0 0.5 1.0 1.5 2.0

Waveguide length (cm)

-10

-9

-8

-7

-6

In
se

rt
io

n
 l

o
ss

 (
d

B
)

1650 nm

1.35 dB/cm

1450 1500 1550 1600 1650

Wavelength (nm)

-70

-60

-50

-40

-30

-20

-10

0

In
se

rt
io

n
 l

o
ss

 (
d

B
)

0.64 cm

1.01 cm

5.70 cm

Waveguide length (cm)

-14

0 1 2 3 4 5 6

-12

-10

-8

-6

-4

In
se

rt
io

n
 l

o
ss

 (
d

B
)

1650 nm

1.36 dB/cm

(d)(c)

(b)(a)

Figure 5.16: Passive cutback measurement results for fabricated
SiN waveguides coated in hybrid Al2O3/Er2O3 ALD films. (a)
Measured TE-polarized transmission spectra and (b) fitted inser-
tion loss at 1650 nm wavelength as a function of waveguide length
for SiN wire waveguides coated in film AE02. (c) Measured TE-
polarized transmission spectra and (d) fitted insertion loss at 1650
nm wavelength as a function of waveguide length for SWG meta-
material waveguides coated in film AE03.
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Fig. 5.16 shows the passive measurement results acquired for wire and SWG meta-
material waveguides coated in the hybrid Al2O3/Er2O3 ALD films AE02 and AE03,
respectively. The transmission spectra of both waveguide types highlight significant loss
within the Er absorption region, peaking near 1533 nm wavelength. The absorption
loss, which we consider the difference between the measured minimum and maximum
insertion loss (around 1533 nm and 1650 nm wavelengths, respectively), increases with
waveguide length since it is proportional to the interaction time and length between
the light propagating through the waveguide and the Er ions in the film cladding. At
1650 nm wavelength, the measured propagation and fiber-chip coupling losses are 1.35
dB/cm and 3.27 dB/facet, respectively, for the wire waveguides coated in ALD film
AE02, and 1.36 dB/cm and 2.47 dB/facet, respectively, for the SWG waveguides coated
in ALD film AE03. These waveguides share a very similar background loss that is sig-
nificantly lower than the loss in the undoped Al2O3-clad SWG waveguides reported in
Fig. 5.15. It is noted that the coupling loss in the SWG waveguides, which use SWG
metamaterial-engineered edge couplers, is 0.8 dB/facet lower than the wire waveguides,
which use conventional inverse nanotaper edge couplers. The use of SWG edge couplers
for lower coupling loss and enhancing broadband behaviour is well-known and has been
previously demonstrated in SOI [14; 72]. These results show that the same principle also
applies to SiN waveguides and that SWG edge couplers can be leveraged to enhance the
on-chip pump power, which helps to achieve higher gain. Table 5.5 highlights the back-
ground propagation and fiber-chip coupling losses measured for SiN waveguides coated
in other hybrid Al2O3/Er2O3 films using the same procedure as described above. Each
one shows a higher background propagation loss compared to the waveguides illustrated
in Fig. 5.16 but they maintain propagation losses <3 dB/cm and coupling losses <3
dB/facet. The exception is the SWG waveguide coated in AE02, which did not have
enough reliable data points to perform an accurate loss calculation. A known coupling
loss from another SWG waveguide structure (e.g., AE03) was assumed to determine the
best and worst case losses from these measured test structures. As a result, the losses for
this particular waveguide are reported as a range with a large uncertainty rather than a
single value.

Fig. 5.17 highlights the process for determining the effective absorption and emission
cross sections using passive waveguide measurements. In Fig. 5.17(a), the raw trans-
mission spectra of the 0.64 cm-long wire and SWG metamaterial waveguides mentioned
in Fig. 5.16 are displayed in bold red. The spectra are broken down with respect to
their different loss components. The tunable laser source had a launched signal power
of 0 dB for all wavelengths. Loss related to light propagation through the optical setup
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Table 5.5: Summary of passive cutback measurement results for
Al2O3/Er2O3-coated SiN waveguides.

ALD film, WG Measured αbg αcoup
chip code type lengths [cm] [dB/cm] [dB/facet]

AE02, 12UR* Wire [0.64, 1.08, 1.51] 1.35 3.27
AE02, 15UR! SWG [1.01, 4.09] 7.10–7.64 2.87–4.10
AE03, 15LL Wire [0.64, 1.08, 1.95] 2.91 2.11
AE03, 15LL* SWG [0.64, 1.01, 5.70] 1.36 2.47
AE04, 12UL Wire [1.08, 1.51, 1.95] 2.46 1.97
AE04, 13UR SWG [0.64, 1.01, 2.66, 5.70] 2.36 2.77
* shown in Fig. 5.16.
! assumed coupling loss from AE03 SWG sample data.

unrelated to the chip are highlighted in black. They are wavelength dependent, with
a minimum and maximum transmission loss of -3.18 dB and -2.65 dB at wavelengths
of 1650 nm and 1521 nm, respectively. The background loss was calculated from the
propagation loss extracted from the cutback measurement results, such as those shown
in Fig. 5.16, and the waveguide length. This results in background losses of 0.86 dB and
0.87 dB for wire and SWG waveguides in Fig. 5.17, respectively. The fiber-chip coupling
loss is the difference between the measured transmission and the sum of the background
and fiber losses at a wavelength of 1650 nm, where Er absorption losses are considered
negligible. This reveals coupling losses of 6.58 dB for the wire waveguide, which is in
good agreement with the coupling loss obtained from the cutback measurement (6.545
dB). For simplicity, both the fiber-chip coupling and background loss are assumed to be
constant across the measured spectrum. The remaining loss is related to Er absorption
and is plotted by itself in Fig. 5.17(b) (i.e., the red line minus the yellow line). The
measured Er absorption loss of a given waveguide device (αEr) can be used to back
calculate the effective absorption cross section (σabs) using the following relation [73]:

σabs(λ) = αEr(λ)
Γ · NEr · l · 10 log10(e) , (5.7)

where Γ is the confinement factor in the Al2O3/Er2O3 film layer, NEr is the Er3+ ion
dopant concentration, and l is the waveguide length, which is 0.64 cm in this case.
NEr is known from the Metricon film measurement results summarized in Table 5.4.
Meanwhile, Γ is calculated using 2D FDE and 3D FDTD simulations for the wire and
SWG metamaterial waveguides, respectively. To acquire the effective emission cross
section (σem), a generalized version of McCumber theory [74] applied to the transitions
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Figure 5.17: (a) Measured transmission for a 0.64 cm-long SiN
(i) wire waveguide coated in film AE02 and (ii) SWG metamaterial
waveguide coated in film AE03, broken down into loss contributions
from optical fiber transmission (αfiber), fiber-chip coupling (αcoup),
background loss in the coated SiN waveguide (αbg), and Er absorp-
tion (αEr). (b) Isolated Er absorption loss. (c) Calculated effective
absorption and emission cross sections based on Eq. 5.7 and 5.8,
respectively.

between the ground and first excited states of Er3+-doped glasses was used such that
[75]:

σem(λ) = σabs(λ) exp
(

ϵ − hν

kT

)
, (5.8)

where ϵ is the temperature-dependent excitation energy, ν = c⁄λ is the independent
photon frequency variable, h is Planck’s constant, k is Boltzmann’s constant, and T is
temperature. The absorption and emission cross section for this SiN wire waveguide,
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calculated with an assumed room temperature of 300K and mean energy at 1532 nm
wavelength, are displayed in Fig. 5.17(c). In general, the shape of the emission spectrum
agrees well with results from other reported ALD Al2O3/Er2O3 works [50]. The peak
effective cross sections near 1532 nm wavelength are determined to be 1.6 × 10−20 cm2

and 2.1 × 10−20 cm2 for the waveguides with AE02 and AE03 claddings, respectively.
Even with the greater Γ value from the SWG waveguide (0.43 versus 0.22 in the wire
waveguide), the increased effective cross section in the AE03 film arises from its signifi-
cantly lower NEr value (5.27 × 1020 ions/cm3, versus 13.63 × 1020 ions/cm3 in the AE02
film).

Active characterization (hereon referred to as “gain measurements”) of the SiN waveg-
uides coated in hybrid Al2O3/Er2O3 ALD films were performed using the optical lab
setup described in [76]. The core signal path between the tunable laser source and the
output photodetector remained the same, except with a 25 dB optical attenuator added
after the polarization paddles for the signal source. This had to be done to significantly
reduce the launched signal power into the chip since the tunable laser source has a min-
imum output power of 1 mW, which is not small enough to measure small signal gain.
Two 1470 nm pump laser diodes were appended to the setup using fused fiber optic
1480/1550 wavelength division multiplexers (WDMs) on each side of the chip. This al-
lowed the pump and signal sources to simultaneously enter and exit the chip on the same
fiber. Furthermore, the two pump diodes enabled both single- and double-side pump
operation from either side or both sides of the chip. Each source was equipped with its
own set of polarization paddles and optimized for TE polarization. A 1500 nm edgepass
filter was applied on the output side of the signal source path to alleviate any remaining
residual pump light following the WDM as well as amplified spontaneous emission (ASE)
noise reaching the detector.

Gain measurements were carried out by performing multiple sweep acquisitions of
the coupled device under test. First, a baseline reference was collected by measuring the
power response of the device with only the signal source activated (i.e., both pump diodes
are inactive). Next, multiple data acquisitions were performed with both the signal and
forward pump sources activated (backward pump is still inactive). The applied current
of the forward pump diode was gradually increased for each subsequent measurement.
Finally, a few more acquisitions were performed with the forward pump diode fixed at
the maximum current from the previous measurement and the backward pump diode
activated with a gradually increasing current on each recorded sweep. Between each
acquisition run, the wavelength-independent ASE response was recorded by reading the
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photodetector output with the relevant pump source(s) active and the signal source
disabled. This was subtracted from the acquired data in the gain analysis to eliminate
any amplification effects from spontaneous emission that do not contribute to actual
optical amplification of the signal.

Fig. 5.18 shows the gain measurement results for the 0.64 cm-long SiN waveguides
illustrated in Fig. 5.17. Fig. 5.18(a) shows the raw insertion loss spectrum of the
unpumped waveguide device under test plotted with the pumped waveguide spectra at
different launched pump powers, which increases as the spectrum colour changes from
blue to red. All measurements had ∼3 µW signal power entering the chip, which was
obtained using 0 dB output power from the tunable laser source (Keysight N7778C,
option 216) and a 25 dB optical attenuator between the signal polarization paddles
and front-side WDM. Generally, the transmitted power across the measured gain region
(i.e., 1520-1570 nm) increases with the launched pump power, as expected. The signal
enhancement (SE) and internal net gain (gnet) are defined such that [67; 77]:

SE(λ, P )[dB] = 10 log10

(
Ppumped(λ, P)[mW] − PASE(P)[mW]

Punpumped(λ)[mW]

)
, (5.9)

gnet(λ, P )[dB] = SE(λ, P )[dB] − αEr(λ)[dB] − αbg(λ)[dB] (5.10)

where Punpumped(λ) is the measured power of the unpumped waveguide device, Ppumped

(λ,P) is the measured power of the pumped waveguide device with launched pump power
P, and PASE(P ) is the measured ASE running through the optical setup with launched
pump power P. All powers were measured in linear units (mW) and then converted to
logarithmic units (dB) in the signal enhancement calculation. The internal net gain is
simply the signal enhancement with the primary on-chip losses subtracted: Er absorption
loss (αEr) and background waveguide propagation loss (αbg). To demonstrate a working
on-chip optical amplifier, the measured insertion loss must supersede these losses when
pumped (i.e., internal net gain must be positive). The top dotted line in Fig. 5.18(a)
represents this power threshold for achieving internal net gain. The dotted line below it
is the Er loss threshold, which does not consider the background loss. These values are
derived for each measured device using the same procedure that produced Fig. 5.17(a).
Fig. 5.18(b) reveals maximum measured signal enhancements of 4.8 dB and 5.0 dB at
1533 nm wavelength for the wire and SWG waveguides, respectively. Comparing these
two waveguides, which have similar background and Er absorption losses, we observe
slightly higher signal enhancement in the SWG waveguide over the wire waveguide. The
main difference is the reduced coupling loss in the SWG waveguide, which enables greater
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Figure 5.18: Gain measurements for the fabricated 0.64 cm-long
SiN (i) wire waveguide coated in film AE02 and (ii) SWG meta-
material waveguide coated in film AE03. (a) Measured insertion
loss across the spectral gain region of interest (1520–1570 nm) for
unpumped (black) and pumped (coloured) waveguides. Colour of
spectra changes from blue to red as the launched pump power in-
creases. Dotted lines represent power thresholds for surpassing Er
absorption loss (dark grey) and achieving internal net gain (light
grey). Corresponding measured (b) signal enhancement and (c) in-
ternal net gain with respect to launched pump power for 1533 nm
(light grey) and 1550 nm (dark grey) wavelengths.

launched pump power into the waveguide (e.g., 137 mW in the SWG waveguide versus
116 mW in the wire waveguide). This is an additional benefit for implementing SWG
edge couplers in waveguide amplifier designs for better performance. It is also worth
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noting that the AE03 film surrounding the SWG waveguide has a significantly lower Er
dopant concentration than the AE02 film coating on the wire waveguide. If the same
film deposited on the wire waveguide was applied to this equivalent SWG waveguide, it
offers even greater potential for increasing the signal enhancement.

Table 5.6: Gain measurement results for Al2O3/Er2O3-coated
SiN waveguides.

Film, WG Lwg αcoup αbg αEr LPP* SEmax [dB] gnet,max [dB]
chip type [cm] [dB/ [dB] [dB] [mW] 1533 1550 1533 1550
code facet] nm nm nm nm
AE02, Wire$ 0.64 3.29 0.86 13.17 65.6 (F) 4.01 2.09 -9.76 -4.53
15UR! 116 (D) 4.80 2.56 -8.97 -4.06
AE02, Wire 1.08 3.22 1.46 22.35 38.8 (F) 3.90 2.14 -19.65 -9.51
12UR 60 (D) 4.90 2.66 -18.65 -8.99
AE02, Wire 1.51 3.34 2.05 33.34 37.8 (F) 4.38 2.15 -28.30 -13.97
12UR 58.4 (D) 5.46 2.88 -27.22 -13.24
AE02, SWG 0.64 0.68 4.54 24.57 95.2 (F) 5.44 2.42 -24.55 -13.52
15UR 186 (D) 8.57 4.21 -21.42 -11.73
AE03, Wire 0.64 2.30 1.86 7.57 115 (F) 1.74 0.91 -7.52 -4.52
15LL 210 (D) 2.60 1.44 -6.66 -3.99
AE03, SWG$ 0.64 2.95 0.87 13.13 81 (F) 3.99 2.21 -8.49 -3.73
15LL 137 (D) 5.00 2.76 -7.47 -3.17
AE03, SWG 1.01 2.03 1.37 20.80 100 (F) 3.84 2.04 -16.02 -8.04
15LL 156 (D) 5.28 2.89 -14.58 -7.19
AE04, Wire 1.08 1.93 2.65 9.58 111 (F) 2.19 1.24 -11.42 -6.46
12UL 154 (D) 2.49 1.44 -11.11 -6.26
AE04, SWG 0.64 3.00 1.51 9.21 86.6 (F) 2.46 0.94 -8.29 -4.35
13UR 121 (D) 2.32 0.95 -8.43 -4.34
AE04, SWG 1.01 2.41 2.38 14.08 71 (F) 3.20 1.56 -14.31 -7.98
13UR 155 (D) 4.21 2.14 -13.30 -7.40
* LPP = launched pump power, (F) = forward pump only, (D) = double-side pump.
! Used background loss data from another chip.
$ Sample corresponding to results shown in Fig. 5.17 and Fig. 5.18.

Table 5.6 provides a summary of the gain measurements performed on various de-
vices across multiple chips coated in different hybrid Al2O3/Er2O3 ALD films. The
greatest measured signal enhancement in all the waveguides was 8.57 dB at 1533 nm
wavelength in the AE02-coated SWG waveguide with 0.64 cm length. Compared to the
wire waveguide in Fig. 5.18, which has the same waveguide length and Al2O3/Er2O3

gain medium, while there is some discrepancy between the launched pump powers (116
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mW vs. 186 mW), the results show that the SWG waveguide is superior to a wire waveg-
uide by a reasonable margin with respect to signal enhancement. This is mainly due to
the increased confinement factor with the gain material in the SWG waveguide that is
essential for boosting the amplification factor. The drawback of this SWG waveguide
is the loss, where the background loss is 4.54 dB and the peak Er absorption loss is
24.57 dB due to the waveguide’s larger mode overlap with the high NEr gain material.
This severely limits the maximum internal net gain to -21.42 dB in the SWG waveguide.
Future designs should consider ways to balance the various waveguide losses with the
overlap factor, such as larger duty cycle (≥0.7) and/or reduced grating period. The
latter will enhance the homogenization effect of the effective waveguide medium, thus
increasing the overlap with the gain material in the voids between the gratings. Finally,
there should also be more consideration for the optimization between the waveguide
length and Er concentration.

While promising signal enhancement was observed, none of the waveguides exhibited
positive internal net gain. The insertion loss spectra for each measured device mimic the
pattern shown in Fig. 5.18(a), where the power is boosted, but inversion near the Er
emission peak does not occur. This is evidence that there is a lack of active Er ions in the
ALD films that contribute to stimulated emission. The prime culprit of this may possibly
be attributed to a fast-quenching process, which commonly arises from fast static energy
transfer upconversion (ETU) in ion pairs and clusters or the presence of impurities within
the host material [69]. Our ALD films are likely susceptible to both, given the larger
Er concentrations used in our study compared to other works [26], as well as reasonable
levels of leftover organic precursor material remaining in the deposited film [47; 55]. The
latter, specifically hydrogen, also contributes significant undesired absorption loss to the
gain region of interest [31; 47]. Annealing is a common solution to addressing both these
issues by driving out excess organic contaminates and reactivating Er ions in the gain
material [77; 78; 79]. This is the next step for these devices. While finding the proper
environment for these films and devices requires careful investigation, it is noted that
annealing above 600°C increases the luminescence in Er-doped Al2O3 ALD films [30; 64].
Furthermore, temperatures above 800°C should be avoided to alleviate phase formation
of polycrystalline γ-Al2O3, which produces qualities that are undesirable for our target
application [30; 79].
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5.5 Conclusion

In conclusion, we have presented work towards developing SiN waveguide amplifiers en-
gineered using SWG metamaterials. The waveguides were fabricated using a commercial
SiN prototyping foundry process leveraging EBL for producing subwavelength feature
sizes. Al2O3/Er2O3 films were grown in a custom-built ALD reactor utilizing a tALD
process for highly uniform and conformal films that effectively fill the nanovoids between
the SiN waveguide features. Low loss (<1 dB/cm) was realized in films with different Er
ion concentrations. Passive waveguide losses down to 1.3 dB/cm were measured for both
wire and SWG metamaterial waveguides coated in the hybrid Al2O3/Er2O3 ALD thin
film. Using a 1470 nm wavelength pump diode source, a maximum signal enhancement
of 8.57 dB was exhibited at a peak wavelength of 1533 nm in the SiN SWG waveguide de-
vice, compared to an equivalent wire waveguide device with 4.8 dB signal enhancement.
However, overwhelming losses from Er absorption and sidewall scattering hampered the
possibility of acquiring positive internal net gain in all measured devices. In addition,
the lack of population inversion observed in the gain spectra raises the suspicion that
significant luminescence quenching limited the overall net gain. Annealing of the pre-
sented devices is required to drive out excess hydrogen- and carbon-based impurities
from the ALD film and restore optically active Er ions in the devices required for net
gain. Further design considerations, such as duty cycle and grating period re-evaluation
and optimization between the waveguide length and Er concentration in the film, may
also assist in boosting gain metrics in future iterations of the waveguide. These results
show promise towards demonstrating a new type of Er-based SiN waveguide amplifier
and provide a basis for another core component in integrated photonics incorporating
SWG metamaterials, which are valuable assets for establishing SiN PICs as essential
tools in various photonic applications.
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Chapter 6

Conclusion

6.1 Summary

This thesis focused on exploring and developing subwavelength grating (SWG) meta-
materials in different material systems to realize novel integrated photonic devices with
unique passive properties and advanced functionalities for applications including sensing
and light amplification.

In Chapter 2, tellurium oxide (TeO2) thin films deposited using reactive magnetron
sputtering were demonstrated as a top cladding material for SWG metamaterial waveg-
uides fabricated on standard silicon-on-insulator (SOI) foundry platforms. SWG waveg-
uides with a 100 nm-thick TeO2 coating exhibited a propagation loss of 1.0 ± 0.1 dB/mm,
which was better than the 1.5 ± 0.1 dB/mm propagation loss expressed by equivalent
SWG waveguides embedded in the standard foundry silicon dioxide (SiO2) cladding.
Studies of new silicon (Si)-TeO2 waveguide designs revealed that up to 86% mode overlap
with the TeO2 material could be achieved in SWG waveguide structures with a 400 nm-
thick TeO2 cladding. Mode transformer components that smoothly transition between
conventional wires and SWG metamaterial waveguides were fabricated with ∼400 nm
TeO2 film thickness and demonstrated only 0.12 ± 0.02 dB loss over a length of 50 µm.
Fishbone SWG (FB-SWG) waveguides are currently being fabricated and are expected
to help increase robustness to fabrication error and decrease waveguide propagation and
radiation loss while maintaining reasonable mode overlap with the TeO2 material. The
TeO2 cladding and SWG metamaterial waveguides compliment each other well. While
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the high refractive index of the TeO2 reduces mode leakage into the substrate, the loosely
confined Floquet-Bloch mode supported by the SWG waveguide experiences increased
light interaction with the TeO2 medium. This is beneficial for enhancing gain in a waveg-
uide amplifier integrating the TeO2 as a host glass for rare-earth (RE) ions, as well as
for leveraging the advantageous material properties of the TeO2 for enhanced nonlinear
optical processes in Si waveguides.

In Chapter 3, a foundry process for rapid prototyping silicon nitride (SiN) photonic
integrated circuits (PICs) was presented. The platform comprises a 400 nm-thick SiN de-
vice layer and uses direct-write electron beam lithography (EBL) technology for writing
and patterning waveguides that can have feature sizes as low as 100 nm, which is essential
for fabricating metamaterial structures. Moderate confinement waveguides fabricated on
the platform showed propagation losses between 0.6 and 1.3 dB/cm across the O-band
and between 0.4 and 1.8 dB/cm across the S-, C- and L-bands for transverse electric
(TE) and transverse magnetic (TM) polarizations. This demonstrates single mode op-
eration across multiple spectral regions of interest with losses that are competitive with
other commercially available SiN integrated photonics foundry platforms. Other impor-
tant integrated photonic components, including fiber-chip grating and edge couplers, 3
dB multimode interference (MMI) power splitters, and all-pass ring resonators, were
demonstrated at 1.31 and/or 1.55 µm wavelengths. All presented components have been
compiled into a proces design kit (PDK), which is available through the NanoSOI Design
Center operated by Applied Nanotools Inc. (ANT) and being continually updated.

In Chapter 4, the first demonstrations of SWG metamaterial-engineered SiN waveg-
uides and ring resonators were presented. The devices were fabricated using the pro-
totyping SiN foundry process described in Chapter 3, which leverages direct-write EBL
technology for patterning feature sizes necessary for SWG metamaterial structures. The
fabricated SiN SWG metamaterial waveguides and ring resonators exhibited propaga-
tion losses of ∼1.5 dB/cm and internal quality factors (Qi) near ∼ 2.11 · 105 in the
C-band, respectively, which are comparable to equivalent conventional SiN waveguides
and competitive with SOI SWG ring resonators. These SWG devices possess a large
mode overlap of 53% with the SiO2 upper cladding material and a bulk sensitivity of
0.33 RIU/RIU (∼285 nm/RIU for 1540 nm wavelength) when coated in water, which
emphasizes their potential for applications in evanescent field sensing and light amplifica-
tion. Sensing functionality was experimentally demonstrated by applying a water coating
directly onto an exposed SWG SiN ring resonator, which displayed a loaded quality fac-
tor (QL) of 5200. This metric is proportionate with equivalent SWG ring resonator

183

http://www.mcmaster.ca/
https://www.eng.mcmaster.ca/engphys/


Ph.D. Thesis–Cameron M. Naraine; McMaster University–Engineering Physics

sensors reported in the SOI platform and highlights the prospects of SWG metamaterial
engineering in SiN photonic devices and other potential material platforms in integrated
optics.

In Chapter 5, work towards a waveguide amplifier engineered using SWG metamate-
rials was presented. The SWG waveguide amplifier was situated on SiN using the rapid
prototyping foundry process detailed in Chapter 3. The gain medium, composed of a hy-
brid alumina-erbia (Al2O3/Er2O3) thin film upper cladding, was grown directly onto the
SiN waveguides using a thermal atomic layer deposition (tALD) process, where monolay-
ers of aluminum oxide (Al2O3) and erbium oxide (Er2O3) were sequentially grown under
self-limiting conditions, producing a high quality, uniform film over the fine SiN grating
features. A low propagation loss of ∼1.3 dB/cm was realized in the fabricated devices
by performing passive cutback measurements on SWG waveguide spiral test structures.
Gain measurements done on a 0.64 cm-long SWG metamaterial waveguide coated in
a ∼300 nm-thick Al2O3/Er2O3 cladding gain medium revealed up to 8.6 dB power en-
hancement of the 1533 nm signal source when exposed to ∼148 mW of 1480 nm launched
pump power. However, overwhelming losses, primarily caused by strong erbium (Er) ab-
sorption, prohibited internal net gain. Nevertheless, thanks to the increased light-matter
interaction with the gain medium, the observed signal enhancement in the SWG waveg-
uide almost doubles the performance shown in an equivalent wire waveguide (∼4.8 dB).
This demonstration provides promise for using SWG metamaterials to generate light in
Si-based PICs and potential for improving the performance of other active integrated
photonic devices.

6.2 Future work

Each demonstration presented in this thesis has already undergone or is subject to
future work. Improvements to current devices and suggestions for exploring other related
projects will be discussed below and individually by chapter.

While the first iteration of TeO2-clad SOI SWG metamaterial waveguides showed
superior propagation loss over their SiO2-clad counterparts, the loss is still high com-
pared to other SWG waveguides demonstrated on the SOI platform. The first SWG
waveguides, coated in an SU-8 polymer, possessed losses as low as 2.1 dB/cm in the C-
band. SWG metamaterial waveguides utilizing high-index TeO2 cladding should match
this in order to be considered competitive with standard complementary-metal-oxide-
semiconductor (CMOS) materials. This first demonstrated waveguide featured a very
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thin TeO2 film (∼100 nm), so very little modal interaction occured with the TeO2

medium. Furthermore, the expanded SWG mode experienced greater interaction with
the TeO2-air boundary above the waveguide, which produced additional unwanted scat-
tering loss. The cladding volume around the waveguide may be easily expanded by in-
creasing the cladding thickness, which requires no additional fabrication steps. However,
because of how the TeO2 film nucleates to itself as it grows over time in the sputter-
ing chamber, goblet-shaped clumps form over adjacent gratings without filling in the
gaps between them, leaving behind air pockets that absorb most of the Floquet-Bloch
mode energy and severely diminish the device performance. Careful study of the TeO2

film growth with increasing thickness would help provide details to optimize an SWG
design where air pocket formation is limited. Different SWG metamaterial topologies
may also be explored. FB-SWG metamaterial waveguides feature a thin Si wire bridg-
ing together adjoining grating segments, which still leverage the index homogenization
principles that SWGs are known for. These structures offer increased robustness to the
fragile gratings so that the nanostructures remain in tact during the initial waveguide
fabrication and the post-process TeO2 deposition. The thin Si wire also pre-fills some of
the gap space between the grating, which helps to alleviate the air pocket issue. Fabri-
cation of a follow-up design based on fishbone-style SWG waveguides (i.e., “Design #3”
described in Chapter 2) has already begun. The fabricated chips will receive TeO2 films
via sputtering upon arrival and then undergo characterization to assess propagation and
coupling loss. Other interesting SWG topologies to explore for the Si-TeO2 platform
include tilted or bricked SWGs, which have been considerably investigated in the SOI
platform in other studies. Another interesting research avenue for this project is the test-
ing of different high-index oxide cladding materials for these SOI SWG waveguides. The
Al2O3 and Al2O3/Er2O3 thin films grown by atomic layer deposition (ALD) described
in Chapter 5 may be applied as a top cladding. The sequential layer-by-layer growth
process of ALD would produce highly conformal films for the SWGs and eliminate the
formation of any air pockets between the gratings. While the refractive index of Al2O3

is not as large as TeO2, it is still moderately high compared to convenetional cladding
materials, so the waveguide can be designed to have a relatively high mode overlap with
the Al2O3 material.

The moderate confinement SiN waveguide platform offered by ANT that is presented
in Chapter 3 is continually being updated. The SiN material exhibited significantly
higher loss near 1520 nm in both the film and waveguide measurements, which is likely
caused by Si-H and N-H bonds in the film leftover from the chemical vapour deposi-
tion (CVD) procedure. Preliminary prism coupling measurements have already been
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performed on a wafer sample featuring a SiN film layer that underwent post-deposition
annealing at 1100°C. The results, which could not be prepared in time for the thesis but
will appear in the corresponding publication, show reduced loss in the noted H absorp-
tion region, indicating that the annealing is fixing the issue. Re-designs of the tested
waveguide structures reported in the chapter will be re-fabricated, annealed, and charac-
terized so that the losses in the PDK may be updated to reflect optimal values and keep
up with other foundry competitors. As discussed in the chapter, the edge couplers and
ring resonators underwent the most development. The optimal edge coupler tip widths
have been reported for 1.31 and 1.55 µm under both TE and TM polarization. However,
the coupler length may still be fine tuned. Pinpointing the 1310 nm critical coupling
point for the ring resonators will require one more design layout. On the other hand,
the grating couplers and MMI power splitters require much more optimization. The
performance of these components is sub-optimal compared to those reported by other
foundries and research groups. Furthermore, the demonstrations for these components
were only performed at 1.55 µm for TE polarization. Therefore, each one must undergo
further rounds of design (at least 2 or 3) to realize high-performance PDK building
blocks. Beyond this, other components commonly featured in foundry PDKs are queued
for investigation, including MMI combiners, directional couplers, interferometers, and
Bragg gratings. With SiN, there is the opportunity to explore other operating wave-
length ranges of interest for different applications, such as the 2 µm window for medical
diagnostics, environmental sensing, and expanding optical telecommunications. Further-
more, near-infrared (NIR) wavelengths ∼ 0.9 µm are of interest for light detection and
ranging (LiDAR) and quantum computing applications. However, single mode operation
with this SiN thickness becomes strained at these wavelengths, and even more so down
towards the visible (VIS) spectrum. Therefore, exploring thinner SiN waveguide layers
(∼ 150-200 nm) is an exciting endeavour. Work on this with ANT is already underway.

The SiN SWG metamaterial waveguides and ring resonators presented in this thesis
are the first domino to fall when it comes to implementing SWG metamaterials and
realizing their impact in SiN PICs. Similar to the trajectory of SWG metamaterial
incorporation in SOI, SWG metamaterials can be used to improve the performance and
functionality of various components that are essential for integrated photonics. For
starters, SWG metamaterials help modify the electromagnetic field distribution in fiber-
chip edge and grating couplers to better match the overlap between the fiber mode and
the chip interface. SWG metamaterials have also been used in many on-chip couplers
and multiplexers (e.g., directional couplers, Y-splitters, interferometers, MMI couplers,
etc.) to inhibit ultrabroadband operation, reduce polarization dependability, and lower
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loss overall. Such benefits will certainly prompt many foundries, researchers, and chip
makers to adopt SWG metamaterials in their devices over time. Different metamaterial
topologies explored in SOI may also be exploited in SiN, including tilted and bricked
SWGs, for finer control over anisotropy and dispersion directly in the waveguide layer.
SiN also opens a broad range of wavelengths, and therefore applications, outside of Si’s
transparency window (i.e., <1.1 µm). However, though the lower refractive index of
SiN provides some room for leveraging lower subwavelength periods over Si, exploiting
subwavelength operation at wavelengths under 1 µm mainly depends on the allowed
critical dimensions of the fabrication technology. Investigation on this is a pivotal step
for determining what is possible for SWG metamaterials in VIS and short wave NIR
applications in SiN.

Although significant signal enhancement was demonstrated in the hybrid SiN-Al2O3/
Er2O3 SWG metamaterial waveguide, internal net gain was not shown. Instead, gain
was prohibited by many losses within the system. The main loss comes from strong
Er absorption in the gain region, which is associated with the high Er concentration
in the ALD films. Much work can be undertaken here to optimize the device and the
processes used to produce it. The first step is re-assessing the deposition process itself
and considering system maintenance. There are many ways to adjust the process layer
stack. Our Al2O3/Er2O3 films only used a single Er2O3 monolayer per macrocycle. It
would be interesting to study Al2O3/Er2O3 films with multiple stacked Er2O3 layers
within a macrocycle and observe the effects on the signal enhancement. The flaking
issue also poses a big problem for continual use of the ALD reactor. Precise planning
of the depositions and the studies being performed for each sample is required to avoid
unwanted contamination and damage caused by flaking. Cleaning of the chamber should
be scheduled accordingly to achieve the best quality films while avoiding unnecessary
maintenance delays. The next is re-considering the film deposition properties for the
waveguide in question. There is an optimal point between the waveguide length and the
Er concentration where the highest amount of gain is exhibited across the device before
saturation begins to occur. This can be found using a rate equation model. However, an
accurate model requires full spectroscopic details of the Er ions involved in the system.
Various spectroscopic measurements must be performed to acquire this information, in-
cluding absorption/emission cross sections, luminescent lifetimes, ion quenching, and
energy transfer upconversion (ETU). Once obtained, the rate equation model will have
better accuracy, generate a greater understanding of the current gain results, and help
guide future devices to be investigated. For the devices already presented in the thesis,
further examination is needed to potentially achieve net gain. The samples can undergo
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post-process steps like annealing to drive out excess hydrogen contaminants that possess
strong absorption characteristics in the gain region. This will help reduce loss. Fur-
thermore, annealing reduces quenching and restores properties for bolstering stimulated
emission in Er ions throughout the film, which are needed for leveraging the large mode
overlap enabled by the SWG waveguide and achieving higher gain. Following anneal-
ing, gain measurements should be redone and compared to the presented initial results.
Spectroscopic measurements of the annealed samples will also reveal many details about
the effects of annealing on both the ALD films and the SiN waveguides. Overall, there
are many pathways to explore and there is promise for net gain in these SWG metama-
terial waveguide amplifiers. An interesting alternative pathway for this project is testing
other RE ions. Many RE ions have been incorporated into sputtered Al2O3 films for
integrated photonic waveguide amplifiers and lasers operating in various regions of the
NIR spectrum. However, none (except for Er) have been reported in ALD Al2O3. For
this endeavour, extensive research of proper precursor materials is required and careful
testing of ALD process parameters must be considered.
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